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Developmental work in the field of multifunctional hybrid fibres has revealed a 
number of characteristics that promise great benefits to their possible use in a broad 
range of devices and applications including tissue scaffolds and implantable 
electrodes as well as the accessory energy storage devices necessary to provide 
power to implantable devices and smart garments. There has, therefore, been much 
interest and many attempts to produce lightweight, foldable and electroactive 
multiaxial fibres. The main aim of this thesis is to establish a wet-spinning process to 
develop three-dimensional coaxial and triaxial electroactive fibres. Using a coaxial 
wet-spinning method that takes advantage of the electroactivity inherent in a 
conductive core, we also aim to improve the fibres’ mechanical, biocompatibility and 
cell adhesion properties by using an appropriate biomaterial for the surrounding 
sheath, opening up the possibility for its use in many biomedical applications. 
Although some success has been achieved via the use of either electrospinning or 
coating approaches, only a few studies have reported the successful fabrication of 
either coaxial or triaxial fibres via novel application of wet-spinning methodology to 
the best knowledge of the author. This poor rate of success may be due to the 
complexity of this method in terms of the number of concurrent solution and 
processing parameters that need to be optimised and controlled in order to achieve 
the successful (and consistent) formation of a core-sheath structure in a coagulation 
bath. Wet-spinning has the advantage that it produces individual, collectable fibres 
that can be drawn out and tested for their mechanical properties. Electrospinning can 
produce extremely fine fibres in the form of a non-woven mat; however, the 
mechanical testing of individual fibres is not feasible. There have been also reported 





backbones via electrospinning wherein a stable jet cannot be achieved and no 
nanofibres will form, although single droplets may be achieved (electrospray). In 
addition to this, there is a limitation in choosing the maximum concentration for a 
given solution by which it could flow. Consequently, the molecular weight and the 
concentration as long as a solvent with the necessary volatility which can be spun 
this way, are within a certain range. Thus, although this method shows a lot of 
promise, these restrictions are placed on the spinnability of certain polymers by 
solution parameters like viscosity and surface charging. 
As a result of this research, the production of continuous core sheath fibres has been 
achieved using a variety of materials. Hydrogels have been used as the sheath 
components since they provide mechanical and structural properties that mimic many 
tissues and their extracellular matrix. Organic conductors such as graphene and 
intrinsically conducting polymers have been useful in the creation of electrical 
pathways within the inner core where they are able to provide safe electrical 
stimulation of the surrounding tissue – enhancing the electro-cellular communication 
process - whilst also avoiding undesirable chemical reactions and cell damage. 
The initial coaxial wet-spinning process has enabled the development of coaxial 
hydrogel fibres for the first without the use of a template. The conditions necessary 
to achieve optimal properties in the chitosan-alginate core-sheath fibres, as well as 
their physical, biocompatibility and release properties are investigated.  
Subsequently, the incorporation of graphene conductors into the core material was 
studied in order to optimise the electroactivity of the coaxial fibres.  Use of large 
graphene oxide sheets has enabled the use of a wet-spinning protocol which can 





fibres via treatment with a non-toxic L-Ascorbic acid chemical reducing agent. 
Further work led to improvements in fibre properties with the substitution of an 
intrinsically conducting polymer as the core material. Using Chit-PEDOT:PSS fibres 
as a template, triaxial fibres were fabricated via the use of a chemical vapour 
deposition technique to facilitate the growth of PPy onto the fibre surfaces opening 
up potential application for their use in biobatteries. 
In conclusion, a range of multiaxial fibre types have been developed which show 
characteristics that lend themselves to potential use in a broad range of applications 
such as actuators, neural implants, microelectrodes and biomedical devices. The 
main stated aim of this thesis, to prepare multifunctional hybrid three-dimensional 
structures, was achieved using a variety of material compositions and properties via 
wet-spinning processing methods. The microfibres produced in this way may find 
uses in the regeneration of functional tissue scaffolds that mimic muscle fibres, blood 
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2 1.1. Motivation 
With the ever increasing demand for suitable replacements and organ transplantation, 
tissue engineering, has drawn increasing attention due to its ability to create three-
dimensional (3D) structures using biomaterials. State-of-the-art developments in the 
field of implantable microelectrodes have shown potential for their use in electrical 
therapies such as auditory implants, deep brain and spinal cord stimulators as well as 
vision prostheses. Electrodes made out of number of materials especially metals have 
been conventionally used in this regard; however, they suffer from compatibility 
issues, such as their surface stiffness, which could trigger chronic biological 
responses. Using organic conductors and hydrogels, multifunctional hybrid fibres 
may be produced which can be used as a basis for the manufacture of lightweight, 
foldable, yet robust electroactive components which are more bio-favourable and 
thus have potential use not only as implantable electrodes but also in the energy 
storage systems required to power them, as well as smart garments. It is known that 
the geometric and structural aspects of anisotropy of fibres result in extraordinary 
axial properties. Forming and assembling fibres to fabricate 3D constructs would 
enable us to fully utilize the unique mechanical and physical properties of all 
involved components at a macroscopic level compared to a bulk material. 
Among the many production techniques available, advanced fibre processing, such 
as coaxial and triaxial spinning of natural and synthetic polymers, has attracted a 
great deal of attention because the basic core-sheath structure provides a mechanism 
for the safe electrical stimulation of tissue whilst also avoiding undesirable chemical 
by-products and subsequent cell damage. Current state-of-the-art microelectrodes 
generate an electrical field in the tissue using metallic electrodes to elicit or suppress 
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neuronal action potentials. However, the biomechanical and structural mismatch 
between current electrodes and neural tissues remains a challenge for neural 
interfaces. This it is through the development of advanced fabrication technologies 
that improvement can be made more widely across the electrical, mechanical and 
biological properties of electrodes. Encapsulating the conductor cores with a more 
bio-friendly coating allows for a versatile system for producing devices with 
appropriate mechanical, chemical and biological properties that can mimic the native 
extracellular matrix, better supporting cell growth and maintenance. This thesis 
presents a novel fabrication method using a wet-spinning process that allows for the 
routine production of multifunctional coaxial biofibres that take advantage of the 
electroactive properties of a conductive core whilst also promoting good cell growth 
and biocompatibility via the use of bio-friendly material in the sheath. 
1.2. Thesis Outline 
Biomaterials are an exciting group of materials being used today by many 
researchers in a variety of biomedical applications. As clear from the term, 
“biomaterials” is a combination of two words of “bio” and “materials” which mainly 
deals with engineering novel structures with appropriate characteristics to enhance 
the interaction with the living cells. 
This thesis described the development of three dimensional electroactive fibres using 
a novel coaxial wet-spinning approach from organic conductors in combination with 
non-conducting hydrogel polymers to be utilized in a diverse range of applications 
including implantable electrodes as well as the energy-storage systems. For one, a 
novel coaxial wet-spinning method was employed for development of coaxial 
hydrogel fibres. Then, insertion of organic conductors as the core component in 
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coaxial fibres was investigated to create electroactivity. Using a Chemical vapour 
deposition (CVD) method, the second thin conductive layer of Polypyrrole (PPy) 
was grown on coaxial fibres leading to the development of triaxial fibres. The 
fabricated structures were tested for cytocompatiblity as well as being utilized as a 
support for cellular adhesion and growth. This work is summarized in the sections as 
follows: 
In Chapter 1, the significance of engineering three dimensional fibres was 
highlighted. Secondly, the involved hydrogels and organic conductors are introduced 
and explained briefly with an overall emphasis of their usage for bioapplications 
together with some of their selective applications to date. Then, some of the 
previously established fabrication methods are described briefly along with a final 
focus on the novelty of the fabrication approach applied in this study. The chapter 
concludes with some of the potential applications of as-prepared fibres. 
Chapter 2 provides an overall insight on the general experimental fabrication 
methods as well as the characterisation analyses. However, most of the methods are 
explained in detail in the following chapters. 
Chapter 3 describes a one-step coaxial wet-spinning approach for development of 
biopolymeric continuous core-sheath fibres, with an inner core of chitosan and 
alginate as the sheath, for the first time without using a template. The first step was 
to spin chitosan and alginate single fibres separately to enhance and optimize 
spinning conditions. The necessary conditions to achieve optimal properties of the 
core-sheath fibre were also studied. The physical and mechanical properties of solid 
and coaxial fibres were examined. Release profiles from the coaxial fibre were 
determined using Toluidine Blue as a model component. It was indicated that 
integrating of these polymers with two totally different natures resulted in a creative 
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and innovative fibre fabrication leading to a robust and superior hybrid fibre with 
higher cell adaptability, improved mechanical, thermal and swelling properties. 
Chapter 4 investigates the incorporation of graphene the conducting component 
used in the core. In this study, liquid crystal graphene oxide was used due to its high 
flexibility it provides in case of spinnability as well as the ease of reducing in into a 
conductive material. One-step continuous wet-spinning to produce multifunctional 
coaxial biofibres of chitosan/graphene oxide in a basic coagulation bath is 
demonstrated. Spinnability of coaxial fibres as well as their characterisation for 
several physical and electrochemical (EC) properties is investigated.  
In Chapter 5, a novel facile coaxial wet-spinning fibre production method is 
reported followed by a CVD technique in an attempt to develop a triaxial fibre as a 
potential battery device. Coaxial fibres of Alginate/poly (3,4-
ethylenedioxythiophene) polystyrene sulfonate (abbreviated as Alg/PEDOT:PSS) 
and Chitosan/PEDOT:PSS (shortened as Chit/PEDOT:PSS) fibres were spun into a 
bath of aqueous calcium chloride and sodium hydroxide (NaOH) solution, 
respectively. The rheological properties of spinning solutions including concentration 
and viscosity are studied and optimized as most critical parameters in formation of 
coaxial fibres. CVD is utilised to create the second conductive layer of polypyrrole 
on the surface of Chit/PEDOT:PSS fibres. The mechanical, EC and physical 
behaviours of as-prepared fibres are studied using different analysis methods. It is 
worth pointing out that cytotoxicity and cell adhesion of the fibres were tested using 
different types of cells via live/dead cell imaging and calcein staining. The 
interactions of the cells with fibres were determined for multiple cell lines by looking 
at the adhesion and proliferation of the cells seeded on the fibres. 
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Chapter 6 concludes this thesis providing final summary and recommendations for 
future work. It is also worth mention that each chapter contains a short introduction, 
experimental methods, followed results and discussion, and a final conclusion 
section.  
1.3. Introduction and Literature Review 
1.3.1. Material Considerations for Biomedical Applications 
For an ideal scaffolding material, properties are required that include 
biocompatibility, suitable microstructure, desired mechanical strength and 
degradation rate as well as most importantly the ability to support cell residence and 
allow retention of metabolic functions. Numerous strategies currently used to 
engineer tissues depend on employing a material scaffold. These scaffolds serve as a 
synthetic extracellular matrix (ECM) to organize cells into a 3D architecture and to 
present stimuli, which direct the growth and formation of a desired tissue. Depending 
on the tissue of interest and the specific application, the required scaffold material 
and its properties will be quite different. A wide range of materials are known to be 









 Aside from the specific 
materials used in certain applications such as orthopaedics, dental implants as well as 
artificial vascular materials, the focus of this thesis is on the role of naturally 
occurring hydrogels and organic conductors to develop biofibres with the final use as 
biocompatible electrodes for the purpose of signal recording or electrical stimulation 
or the building blocks of tissue scaffolds. 
Herein, materials are categorised into ionically conducting and electrically 
conducting materials. Non-conducting materials have shown a great promise to be 
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used as templates for tissue engineering and implantable devices. Conducting 
materials have also been used as templates for cell attachment and growth while 
providing a pathway for electrical stimulation of cells. Hydrogels including alginate 
and chitosan as well as conducting graphene, PEDOT:PSS and PPy are introduced 
and explained as following. 
1.3.1.1. Natural Hydrogels 
Natural polymers can be considered as the most undeniable biomaterials used 
clinically
9
 in different shapes. Polymers of natural origin are attractive options, 
mainly due to their similarities with ECM as well as their chemical versatility and 
biological performance.
1
 A variety of hydrogels, three-dimensional covalently 
crosslinked polymer networks with a high number of hydrophilic groups, capable of 
accommodating large amounts of water,
10,11
 are being employed as scaffold 
materials. They are composed of hydrophilic polymer chains, which are either 
synthetic or natural in origin. The structural integrity of hydrogels depends on 
crosslinks formed between polymer chains via various chemical bonding and 
physical interactions which make them to be resistant to be solubilized. Hydrogels 
used in bioapplications are typically degradable, can be processed under relatively 
mild conditions, have mechanical and structural properties similar to many tissues 
and the ECM, and can be delivered in a minimally invasive manner. 
Hydrogels demonstrated a distinct efficacy as matrices for 3D cell culture since they 
are very similar to living tissues and ECM, such as a soft and rubbery yet deformable 
natures and low interfacial tension with biological fluids.
12
 In addition, they can use 
biologically relevant electrolytes makes them well suited for applications within 
biology.
13,14
 Another unique characteristic of biomimetic hydrogels is that they 
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undergo huge volume changes, which occur in relatively narrow ranges of changes of 
temperature, pH, and ionic strength.
13,15
  
Polysaccharides are a typical group of natural biopolymers showing great 
swellability that makes them ideal candidates for making hydrogels. Polysaccharides 
are high molecular weight polymeric carbohydrates formed of repeating 
monosaccharide units.
16
 Polysaccharides are advantageous for biomedical 
applications due to their wide availability, low cost as well as the presence of 
functional groups in the polymer chain.
17
 They offer a wide diversity in structure and 
properties due to their wide range of molecular weight and chemical composition. 
Alginate
18–21
 and chitosan 
19,22,23
 are considered as the most extensively used gel-
forming polysaccharides
20
 for cell growth from natural sources. They were chosen 
and used in this study mainly due to their several unique properties including 
biodegradability, biocompatibility, low toxicity, promoting attachment, migration, 
proliferation and differentiation of cells and antimicrobial activity 
24
 as well as ease 
of fabrication and availability. 
1.3.1.1.1. Sodium Alginate 
The anionic polymer alginic acid or alginate is a natural polysaccharide obtained 
brown seaweeds. Since it was discovered by Stanford
25
 in 1881, alginate has been 
used in a wide range of industries, such as food, textile printing, paper and 
pharmaceuticals, and for many other novel end-uses. Alginate is a linear, binary 
copolymer composed of 1, 4-linked β-D-mannuronic acid (M) and α-L-guluronic 
acid (G) monomers. Alginates are extracted from algae using a basic solution.
20
 The 
extracted material is then reacted with acid to form alginic acid. The composition of 
alginate (the ratio of the two uronic acids and their sequential arrangements) varies 
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with the source. Salts of alginic acid with monovalent cations such as sodium 
alginate are all soluble in water
26
 capable of holding a large amount of water. 









 Even though, alginates are non-toxic and biocompatible, 
using them for biomedical applications has several drawbacks. Alginates are 
mechanically very weak in wet condition, therefore it should be blended or modified 
or copolymerized with other biopolymers before being used as a structural scaffold.  
More importantly it shows poor cellular adhesion. The chemical structure of sodium 
alginate is demonstrated in Figure ‎1-1. 
 
Figure ‎1-1: Chemical structure of sodium alginate 
By forming alginate into fibres, novel biomaterials are attainable which can be 
processed further into woven, non-woven, braided, knitted and many other kinds of 
composite structures. In the wet-spinning process (as explained in detail in 
section  1.3.2.3) in which alginate is transformed from powder into a fibrillar-shape, 
alginate powder is needed to be dissolved in water and stirred properly to form a 
homogenous solution first. The final properties of wet-spun alginate fibres highly 
depend on a number of factors, such as chemical structure and molecular weight of 
the alginate, composition of the coagulation bath, drawing ratio, temperature and 
feeding rates, etc. The spinning solution is one of the first main considerations in the 
wet-spinning process which determines the production efficiency. The fibre final 
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performances strongly depends on several parameters including concentration, 
temperature and pH of the spinning solution.
30
 A concentrated sodium alginate 
solution can be extruded through  spinneret holes into a calcium chloride (CaCl2) 
bath, whereby the high acid content allows alginic acid to undergo spontaneous and 
mild gelling in the presence of di- or trivalent cations.
31
 Thus, it is possible to use a 




 or other bioactive metal ions to 
precipitate sodium alginate solution during the wet-spinning process as tried 
previously, too. Among divalent ions, calcium has found greatest popularity for gel 
formation of alginate fibres mainly because its salts are cheap, readily accessible and 
cytocompatible.
30
 Since processing takes place in an aqueous solution and in an 
aqueous coagulation bath at a neutral pH, many bioactive materials, such as drugs 
and enzymes, can be combined into the alginate fibres, without loss of their 
bioactivity. On the other hand, calcium alginate fibres have proven to be unstable 




Chitosan is a semi-crystalline natural polysaccharides  with a totally different nature 
with that of alginate which has recently generated great interest for its potential in 
clinical and biological applications
38–41
 such as artificial skin, tissue engineering and 
controlled drug delivery.
26,42
 The cationic polymer chitosan originates from 
crustacean skeletons.
39
 Structurally, chitosan is a semi-synthetically derived 
aminopolysaccharide which is the N-deacetylated product of chitin, i.e. poly-(1→4)-
2-amino-2-deoxy-β-D-glucose.
2,9,41,43
 Chitosan shows an enhanced hydrophilicity 
compared to that of chitin which results in a considerable loss of tensile strength in  
wet state.
44
 This hydrogel is highly reactive due to free amine groups and is readily 
soluble in weakly acidic solutions resulting in the formation of a cationic polymer of 
 
11 | P a g e  
 
11 
chitosan acetate with a high charge density. These solutions generally have high 
solution viscosities due to the phenomenon known as the polyelectrolyte effect. 
40,45–
47











 and vascular regenerative tissue remodelling. 
23,60,61
 It has also been applied in controlled drug delivery is different shapes such as 
spheres, films or fibres.
62,63




Figure ‎1-2: Chitosan chemical structures 
Chitosan can be produced in a variety of forms including films, fibres, nanoparticles 
and microspheres. There have been many attempts by several groups into aqueous 
basic coagulating baths to produce chitosan fibre.
24,43,64,65
 For the purpose of wet-
spinning (detailed in section  1.3.2.3), the chitosan solution is generally extruded into 
an alkaline solution such as aqueous NaOH as the coagulation bath which forms the 
fibres. The coagulation rate, which also includes the regeneration of the free amine 
form of chitosan, is also expected to be influenced by high solution viscosity. 
Nevertheless, the strong alkaline condition (pH>12) needed to form chitosan-based 
structures, can limit its utilization for loading most of drugs or bioactive molecules 
into it.  
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1.3.1.2. Conducting Materials 
A wide range of biomaterials have been already used in developing structures for 
biomedical applications. However, it is hard to find a biomaterial that gathers all the 
requirements for specific biomedical applications. Conducting materials are typically 
utilised as a connector between cells and electrical devices to pass or receive 
electrical signals to and from cells. Electrical stimulation has been able to provide 







Moreover, they could improve the mechanical properties of biomaterials. A range of 
metallic electrodes, most commonly Pt or titanium based, have conventionally been 
used as the preferred metal used for electrodes.
69,73
 However, metals are 
mechanically significantly stiffer than the neural tissue with which it interfaces.
74
 For 
example, the elastic modulus of Pt is measured to be about 164 GPa,
75
 but most 
neural tissue has a modulus of less than 100 kPa.
76
 Using organic conductors in 
particular CPs, have been shown to impart a softer electrode interface, around 1 
MPa.
77
 Therefore, it is expected that these materials can be used to dampen or 
mediate the mechanical difference between a metal electrode and the tissue with 
which it interfaces. It has also been shown that to stimulate light precepts by 





 but the electrochemical injection limit of metals electrodes such as Pt has 




 This small range of overlap 
means that metal electrodes cannot be safely reduced in size and still maintain safe 
charge injection at a therapeutic level. More recently the use of organic conductors 
has attracted attention since they can be loaded with bioactivity enhancing the 
electro-cellular communication process.
79,80
 Polymers have been traditionally 
considered to be electrical insulators. Recently, the progress made in chemical 
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synthesis of organic conductors has brought a rich variety of conducting organic 
materials. These organic conductors can be categorized into inherently conducting 
polymers and carbon-based materials including carbon nanotubes and graphene. Use 
of organic conductors including CPs have shown that tailored approaches can be 
used to create multi-functional electrode arrays which not only improve the electrode 
material properties, but also provide biomolecules to aid in the establishment of a 
chronically stable neural interface. The background, chemical structures, synthesis 
methods and EC properties of the conducting polymers used in this work, 
specifically PEDOT:PSS, PPy and graphene, are described in the following sections. 
1.3.1.2.1. Graphene  
Carbonaceous materials such as CNTs, graphite, fullerene, graphene and graphene 
oxide have recently attracted the attention of many researchers as conducting 
pathways incorporated into biomaterials. Graphene is a carbon-based material which 
is a layer of tightly packed two-dimensional (2D) honeycomb crystal lattice of sp
2
 
bonded carbon with a single atom thickness
81
 as shown in Figure ‎1-3. Graphene has 
shown an extraordinary optical properties, thermal conductivity and outstanding 
mechanical properties (Young’s modulus up to 1TPa). One of the most efficient 
methods for large scale and low cost production of graphene derivative is oxidative 
exfoliation of natural graphite followed by a chemical reduction. Using this method, 
most of the functional groups such as hydroxide, carboxyl, epoxide and carbonyl 
exist in the chemical structure of GO will be removed. These functional groups make 
graphene oxide (GO) hydrophilic and stable in aqueous medium. Therefore, the 
reduction process produces highly conductive chemically converted graphene (CCG) 
or reduced graphene oxide (rGO) which is hydrophobic and insoluble in aqueous 
media.
82
 Low solubility may cause irreversible aggregation which limits further 
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processing. Li et al. have shown that stable dispersions of rGO is possible to be 
achieved without using  by controlling the pH during the reduction process.
83
 Yet, 
this dispersion is not directly spinnable by itself. Addition of spinnable polymers to 
the dispersion provides this opportunity to form it into a fibre. Then again, to achieve 
considerable electrical conductivity, exceeding the percolation threshold, higher 
loadings (typically 10 to 80%) are required. However, rGO dispersions are usually 
obtained and maintained at low concentrations.  
 
Figure ‎1-3: 2D honeycomb crystal lattice of sp
2
 bonded carbon with a single atom 
thickness known as graphene 
The recent success in assembling graphene sheets into macroscopic fibres has 
inspired extensive interest in these materials because of the lower cost of graphene 
fibres (GFs) compared with CNTs and commercial carbon fibres, and their practical 
importance for specific applications.
84
 LC GO structure allows for the dispersion of 
GO at high enough concentrations suitable for efficient alignment and effective 
coagulation. Gao et al. might be the first who reported of fabrication of GO fibres via 
a wet-spinning approach by loading the GO dispersions into glass syringes and 
injecting them into a coagulation bath of a 5 wt% NaOH/methanol solution.
85
 
Spinning of liquid crystalline (LC) suspensions of large sheet graphene oxide (GO) 
in water has been recently reported by several research groups.
85–87
 Use of large GO 
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sheets has enabled the use of a wet-spinning route to produce strong fibres by 
extruding them through a thin nozzle into an appropriate coagulation bath which can 
be easily converted to electrically conducting graphene fibres by using an appropriate 
chemical reducing agent. Preparation of GO fibres using various coagulation baths 
such as CaCl2, acetone, NaOH as well as chitosan has been reported earlier.
87
 In 
addition, it is suggested that graphene oxide could undergo quick deoxygenation 
when exposed to  strong alkali solutions at moderate temperatures which was also 
previously studied.
88,89
   
1.3.1.2.2. Inherently Conducting Polymers 
Inherently conducting polymers (ICPs) were discovered in 1977 with the 10
9
 times 
increase in electrical conductivity () of polyacetylene (PAc) through halogen 




 by means of chemical modification
90
 (in this case 
leading to partial oxidation or reduction by reaction with electron acceptors and 
donors known as a doping process.
91
 These organic polymers that possess the 
electrical, electronic and optical properties of a metal while retaining the mechanical 
properties, processability, etc. commonly associated with a conventional polymer, is 
termed an ICP or more commonly as a “synthetic metal”.
92
 To date a tremendous 
amount of research has been carried out in the field of conducting polymers, while 
the broader significance of the field was recognised in the year 2000 with the 
awarding of the Nobel Prize for Chemistry to the three discoverers of ICPs, 
Shirakawa, MacDiarmid and Heeger.
92,93
 Since the discovery of conducting PAc, a 










 poly(3,4-ethylene dioxythiophene) (PEDOT),
92,106–108
 and polyfuran 
(PF).
109
 Subsequently, extensive characterisation of ICPs including electrical, 
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thermal and environmental stability as well as their processability displayed their 
high potentials to be used in organics, renewable energy as well as biomedical 
applications.The structures of selected conducting polymers developed over the last 
30 years are illustrated in Figure ‎1-4. The most significant conducting polymers with 




























Figure ‎1-4: Inherently conducting polymer structures represented in their undoped forms 
ICPs could be synthesised either by chemical or electrochemical methods, with 
chemical synthesis being the preferred option when large quantities of polymer are 
required. This procedure involves the addition of a strong oxidising agent such as 
FeCl3 followed by deposition of the monomer to initiate the free radical 
polymerisation.
110
 EC synthesis is usually performed in a 3-electrode cell comprising 
a working electrode, an auxiliary electrode and a reference electrode, whereby an 
insoluble ICP film forms on the working electrode initiated by applying either a 
certain amount of voltage or current.  Among the synthesis methods, EC synthesis in 
particular presents several distinct advantages such as absence of catalyst, direct 
grafting of the doped conducting polymer onto the electrode surface, easy control of 
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film thickness by controlling the deposition charge, and the possibility to perform in-
situ characterisation of the polymerisation process by EC and/or spectroscopic 
techniques.  
The electrical, electrochemical and physical properties of ICPs could be tailored for 
particular final applications. Not surprisingly therefore they have already been 





 electrical stimulation of cells
116,117
 and drug delivery.
118
 It has 
also been investigated as a material for "artificial muscles" that would offer 
numerous advantages over traditional motor actuation.
119,120
 Conducting polymers 
such as PANi or PPy are not biodegradable. However, they are being used in 
combination with biodegradable polymers such as polylactic-co-glycolic acid 
(PLGA), polylactic acid (PLA) or polyvinyl alcohol (PVA) was required. PEDOT is 
a well-studied intrinsically conducting polymer that is rendered solution-processable 
when doped with acidic PSS.
121
 The processability of PEDOT:PSS has naturally 
meant that relatively few studies have considered PEDOT:PSS within composite 
fibres. Nevertheless, composite PEDOT:PSS fibres are at the center of attention due 
to their high conductivity and multiple applications such as sensors and drug 
delivery. 
111,122,123
 PPy is another most preferred conducting polymer for biomedical 
applications since it can be synthesized in a natural pH condition. Moreover, it has 




Printing and fibre spinning technologies can be regarded as two of the most 
prominent techniques investigated for the development of devices based on ranges of 
materials including ICPs and graphene. Printing is a fast, old and inexpensive 
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recent years, increasing efforts have been focused on the printing of conducting 
polymer-based devices.
126
 Printing is a reproduction process in which ink is applied 
to a substrate in order to transmit information such as images, graphics and text. 
Printed materials must form a solid, continuous conducting film following solvent 
removal. The solvent plays significant roles such as compatibility with the 
conducting polymer, stability in solution and appropriate rheological and surface 
energy characteristics. Printing technologies that require a printing plate are known 
as conventional methods and include lithography (offset), gravure, letterpress and 
screen-printing. Non-impact printing (NIP), such as inkjet printing or 
electrophotography, uses laser technology and does not require a printing plate.
127
 
Printing provides a convenient route to the deposition of conducting polymers with 
spatial resolution in the x, y plane in the order of tens of microns and makes layer 
thicknesses in the order of 100 nm feasible. The birth of 3D-printing goes back to 
1984 when as Charles Hull invented stereolithography which enabled a tangible 3D 
object to be created from a 3D model.
128
 Varieties of conducting polymers have been 







Extensive advances have been also made during the last three decades in the 
fundamental understanding of fibre spinning using conducting polymers. Conducting 
polymers must undergo processing steps in order to attain the desired form.
125
 The 
very first attempts to achieve optimal conditions for the spinning of fibres from PAni 
were begun in the late 1980s.
134–136
 A few years later Mattes et al. pioneered the 
processing of PAni into fibre form through a dry-wet-spinning process.
84,137
  
PEDOT:PSS and PPy are two of the most investigated conducting polymers which 
were also used in this research. In the following sections it is attempted to provide an 
overview on the used conducting polymers. 
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1.3.1.2.3. Poly(3,4-ethylene dioxythiophene) 
Amongst the wide variety of conducting polymers, those derived from thiophene and 
its derivatives show good stability toward oxygen and moisture in both doped and 
neutral states.
138
 This combined with favourable electrical and optical properties has 
led to the application of PThs in electrochromic displays, protection of 
semiconductors against photocorrosion, and energy storage systems.
139
 PTh results 
from the polymerisation of thiophene, a sulfur heterocycle, which may be rendered 
conducting when electrons are added or removed from the conjugated π-orbitals via 
doping. PThs have been prepared since the 1980s by means of two main routes, 
namely chemical, and cathodic or anodic EC synthesis.
140
 In the latter half the 1980s, 
scientists at the Bayer AG research laboratories developed the PTh derivative 
PEDOT (or PEDT), which was initially developed with the aim of providing a 
soluble conducting polymer.
141
 3,4-ethylene dioxythiophene (EDOT) polymerises 
effectively, leading to PEDOT films that adhere well to typical electrode materials. 
PEDOT benefits from the absence of undesirable α,β- and β,β-couplings between 
monomer units, while its electron-rich nature plays a significant role in the optical, 
EC, and electrical properties of subsequent polymers based around the PEDOT 
building block.
142
  PEDOT is characterised by stability, high electrical conductivity 
() (up to 1000 Scm
-1
), moderate band gap, low redox potential, and transparency in 
the oxidised state.
141
 Initially PEDOT was found to be insoluble in common solvents. 
However, this was successfully overcome by using poly(styrenesulfonic acid) (PSS) 
as the dopant during its chemical synthesis. The resulting stable dark-blue aqueous 







 transparent electrodes, 
 









Several fabrication methods have been employed so far for producing fibres from 
PEDOT derivatives such as electrochemically synthesis, 
147
 nanofibre seeding 
method
142
, chemical polymerisation without employing a template,
148
 Preparation of 
microfibres from PEDOT:PSS was first reported by Okuzaki and Ishihara for the 
first time via wet-spinning into an acetone bath as the coagulant
149
 where the effects 
of spinning conditions on fibre diameter (which ranged between 180-410µm), 
electrical conductivity, microstructure and mechanical properties were investigated. 
Shortly thereafter, Okuzaki et al. fabricated highly conducting PEDOT:PSS 
microfibres with 5 µm diameter and up to 467 Scm
-1
 electrical conductivity by wet-
spinning followed by ethylene glycol post-treatment.
150
 Dipping in ethylene glycol 
(two-step wet-spinning process) resulted in a 2-6 fold increase in electrical 
conductivity from 195 Scm
-1
 to 467 Scm
-1
 and a 25 % increase in tensile strength 
after drying from 94 MPa to 130 MPa. Characterisation with X-ray photoelectron 
spectroscopy, X-ray diffractometry and atomic force microscopy led to the 
conclusion that the removal of insulating PSS from PEDOT:PSS grain surfaces and 
crystallization were responsible for the enhanced electrical and mechanical properties 
of the microfibres. This work opened a new way for scientists to prepare relatively 
long PEDOT:PSS fibres using a straightforward method. Jalili et al. simplified the 
method to a one-step process to prepare microfibres by employing a wet-spinning 
formulation consisting of an aqueous blend of PEDOT:PSS and poly(ethylene 
glycol), where the need for post-spinning treatment with ethylene glycol was 











Amongst the conducting polymers, PPy and its derivatives are of particular interest 
owing to rather straightforward synthetic procedures, reasonable stabilities in 
oxidised states in air and solvents, low cost, biocompatibility and availability of 
monomer precursors.
152,153
 However, it was not until 1977 that PPy attracted 
significant attention.
92
 Dall’Olio et al. published the first report of the synthesis of a 
PPy film, which exhibited 8 Scm
-1
 electrical conductivity, by electrolysis of a pyrrole 
solution in the presence of sulphuric acid in 1968.
154
 The major breakthrough with 
regard to the routine synthesis of PPy, however, was achieved by Diaz et al. when 
they reported a highly conducting (100 Scm
-1
), stable and flexible PPy film prepared 
by electrolysis of an aqueous  solution of pyrrole.
95
 Chemical methods in addition to 
EC methods have also been employed for the synthesis of PPy, such as 
photochemistry, metathesis, concentrated emulsion, inclusion, solid-state, plasma, 
pyrolysis and soluble precursor polymer preparation.
153
 Nevertheless, it should be 
taken into account that EC polymerisation provides a number of advantages over 
chemical methods, such as the final form of reaction product (an electroactive film 
attached to the electrode surface), high electrical conductivity, and control over film 
mass, thickness and properties.
153
  
PPy demonstrates high electrical conductivity, good EC properties, strong adhesion 
to substrates and thermal stability.
155,156
 The heteroatomic and extended π-conjugated 
backbone structure of PPy provides it with chemical stability and electrical 
conductivity, respectively.
154,157







< σ < 100 Scm
-1
) depending on the functionality and 
substitution pattern of the monomer and the nature of the counterion or dopant.
158
 
Not surprisingly therefore PPy has already been applied in a wide variety of areas 
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 and drug 
delivery.
122,161
 It has also been investigated as a material for "artificial muscles" that 
would offer numerous advantages over traditional motor actuation.
119,120
 However, 
PPy usually takes the form of an intractable powder following chemical 
polymerisation 
162
 which is insoluble in most organic solvents.
163,164
 These 
characteristics may be largely attributed to the presence of strong interchain 
interactions and a rigid structure. The low water solubility and poor processability of 
PPy mean that there are few reports of pristine PPy fibres.
165
 It follows that PPy may 
be considered as the most utilised conducting polymer in making composite fibres. 
Over the past two decades, a variety of materials including polymers sheets, glass, 
polymer and inorganic particles, clays, zeolites, porous membranes, fibres and 
textiles, and soluble matrices have been demonstrated as appealing substrates for 
PPy. Due to the good adhesion force between PPy and various substrates,
166
 
conducting composites may be prepared that retain the inherent properties of both 
PPy and the substrate.
167







 In general, the conductivity of PPy/fibre composites is 
directly related to PPy loading, ratio of oxidant to dopant, and fibre structure.
172
 
A number of researchers attempted to improve polymer solubility involving alkyl 
group substitution at the 3- and 4- positions or at the nitrogen atom of the pyrrole 
ring.
162
 Another technique that has proven successful has been the use of long chain 
surfactant dopants such as sodium dodecyl benzene sulfonate (DDS),
173,174
 di(2-
ethylhexyl) sulfosuccinate sodium salt (DEHS),
175
 and polystyrene sulfonate.
176
 PPy 
doped with such surfactants were soluble in a number of solvents including m-cresol, 
NMP, dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and tetrahydrofuran 
(THF).
162
 Few reports exist that consider the wet-spinning of soluble PPy into 
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continuous fibres, despite initial attempts.
177
 This question was essentially abandoned 
for a number of years until Foroughi et al. published the first report on the 
production of continuous conducting PPy fibres  through wet-spinning,
164
 which 
showed electrical conductivity of ∼3 Scm-1  and elastic modulus of ∼1.5 GPa. 
Although a number of researchers continue to seek new methods to produce wet-
spun PPy fibres, no additional reports have been published.  
CVD (also known as vapour phase polymerisation) is a straightforward and rapid 
method to deposit PPy onto various substrates, and has been used widely to produce 
composite PPy fibres.
124,166,171,178–181
 Although this method has the advantage of 
simplicity, the highest reported electrical conductivity of fibres prepared this way 




 likely due to the formation of only a thin layer of conducting 
PPy. Nair and co-workers were the first to merge electrospinning with CVD for the 
synthesis of electrically conducting composite PPy nanofibres.
171
 This approach 
provided the advantages of electrospinning while at the same time circumventing the 
intractability of PPy. Figure ‎1-5 shows the polymerisation of polypyrrole from a 
bulk solution containing pyrrole monomer. The electrodeposition proceeds by 
adsorption of a monomer unit onto a surface of the working electrode, to form a 
pyrrole cation radical through the oxidation process. These cations combine together 
or with neutral monomers present in the solution, to form a dimer, which undergoes 
double deprotonation to provide a neutral molecule. Comparing to monomer units, 
dimer radicals are more stable showing a lower oxidation potential. The polymer 
chain growth then occurs through favoured coupling between monomers and dimers. 
Formation of a -conjugated backbone and its heteroaromatic structure brings about 
electrical conductivity as well as chemical stability. To maintain the charge balance 
along the polymer backbone, the positive charges made during the polymerisation 
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Figure ‎1-5: Polypyrrole polymerisation 
Chronakis et al. reported for the first time a method to prepare nanofibres using a 
mixture of PPy and PEO.
182
 In 2007, a microfluidic approach was described by 
others for fabricating hollow and core/sheath PPy nanofibres by electrospinning.
183
 
The benefits of using microfluidic devices for nanofibre synthesis include rapid 
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prototyping, ease of fabrication, and the ability to spin multiple fibres in parallel 
through arrays of individual microchannels. PPy composite core–shell nanostructures 
were also successfully prepared using PAN, PS and Polyamide 6 (PA6) solutions.
184
 
It is worth noting that a large number of prepared PPy composite fibres have been 
employed for sensor applications.
166,185,186
  
1.3.2. Fabrication Methods  
The fabrication methods for developing three dimensional structures to be utilised for 
biological applications have risen due to the inability of two dimensional structures 
to mimic the extracellular matrix accurately. To design a three dimensional 
architecture which imitate the ECM, several parameters such as geometry, 
mechanical and surface properties as well as biocompatibility  are required to be 
taken into account.
187
 Formation of tubular electroactive structures have recently 
attracted a great deal of attention as mentioned previously due to several unique 
advantages they offer comparing to the simple structures. Formation of coaxial 
fibres, wherein the organic conductor is encapsulated within a more cytofriendly 
material, could provide an alternate fabrication option which enables both improved 
electrical stimulation of surrounding tissue while having lower mechanical mismatch 
with tissue when considered as the building blocks of 3D structures. Therefore, there 
has been a growing interest over the past decade to employ varieties of processing 
methods for fabrication of multifunctional electroactive core-sheath structures in 
terms of both fundamental and applied science. Merging modern spinning methods 
and novel era of processable organic conductors technologies provide extra functions 
embedded in fibre structures in addition to traditional properties of the textile 
fibres.
125
 Multiaxial structured fibres not only offer improved characteristics 
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comparing to those of the single components but also adding the advantage of 
providing a flexible system which may be optimised for a variety of purposes.   
Up till now, a huge amount of intellectual effort has been put into fabrication of 
mono or bicomponent fibres for ranges of applications through several fabrication 
methods. Printing and fibre spinning technologies can be regarded as two of the most 
prominent techniques which are being investigated for the development of devices 
based on ranges of materials including ICPs, natural polymers and graphene. Printing 
method has been in the centre of attention in recent years as a fast, old and 
inexpensive way of fabrication of a number of materials.
126
 However, printing 
approaches are not included in this work. Spinning of polymer fibres has also 
witnessed great progress over the past few decades as an interdisciplinary field that 
applies the principles of engineering and material science toward the development of 
textile substitutes.
188
 Spinning is a specialised form of extrusion that uses a spinneret 
to form multiple continuous filaments or mono filaments. All fibre forming processes 
-regardless of the materials involved- are irreversible processes involving the rapid 
and continuous solidification of a liquid with a very restricted size in two directions. 
The solidification is brought about by the removal of heat and/or solvent by 
contacting the liquid with a suitable moving fluid, which can be a gas or a liquid. The 
first step to produce fibres, continuous threadlike filaments with large length-to 
diameter-ratios or L/Ds typically>5, is to convert the polymer into a processable and 
spinnable state. Thermoplastic polymers can be converted into the melt-state and 
melt-spun. Other polymers may be dissolved in a solvent or chemically treated to 
form soluble or thermoplastic derivatives and subsequently spun via wet-spinning, 
dry spinning or electrospinning. Main traditional spinning approaches used for 
fabrication of biomedical devices have been introduced briefly in the subsequent 
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sections followed by providing a more detailed description on novel generation of 
spinning methods for fabrication of coaxial fibres for bioapplications via different 
methods together with highlighting the advantages and disadvantages of each 
method. 
1.3.2.1. Electrospinning 
Electrospinning is a versatile method for the preparation of long, continuous and fine 
(nano to sub-micron size range)
189,190
  nonwoven polymer mats or fibres known since 
early the 1930s.
191
 Doshi and Renekar were the first researchers in 1995 to report the 
electrospinning method for producing nanofibres.
192
 Electrospinning shares 
characteristics of both electro-spraying and conventional solution dry-spinning 
methods.
193
 Electrospun fibres possess properties not found in conventional fibres, 
including high surface to volume ratio, high aspect ratio, controlled pore size and 
superior mechanical properties.
194
 A typical electrospinning setup (Figure ‎1-6) 
consists of a capillary tube or syringe loaded with polymer solution, a metal 
collecting screen, and a high voltage supply.
191,195
 The pendant polymeric droplet at 
the tip of the needle, when subjected to an electric field in the kV range, will deform 
into a Taylor cone shape and form a liquid jet. This jet undergoes an electrically 
induced bending instability which results in strong looping and stretching of the jet. 
Following solvent evaporation, ultrathin fibres are deposited on the collecting screen. 
Collection systems currently used include a single ground, rotating single ground, 
dual bar, dual ring, single horizontal ring, etc which can significantly influence the 
fibre orientation.
196
  Electrospun conductive fibres have found  various applications 
as light emitting diodes (LEDs), chemical and biological sensors, batteries, 








Figure ‎1-6: Schematic of electrospinning 
The morphology and diameters of electrospun fibres are quite versatile depending on 
a number of parameters including processing including the applied voltage, the 
distance between spinneret and collector and the feeding rate of polymer solution as 
well as solution parameters such as intrinsic properties of the spinning solutions, 
natures of polymer and solvent, polymer molecular weights, conductivity and surface 
tensions, etc. In addition, different geometries such as highly aligned, yarns and 
arrays have been achieved using different electrospinning setups. Oriented 
polyamide nanofibres formation was reported by Dersch et al. as a result of 
polymeric jet moving back and forth on the collector.
198
 
The electrospinning technique has shown to provide non-wovens to the order of few 
nanometers with large surface areas, ease of functionalisation for various purposes 
and superior mechanical properties.
190
 Also, the possibility of large scale productions 
as well as simplicity of the process makes this technique very attractive for many 
different applications. Biomedical field is one of the most widely used application 
areas among others utilising the technique of electrospinning mainly for development 
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enzyme sensors, nanofibre reinforced composites, etc. The versatility in material 
selection for electrospinning combined with the different ways of method 
modification, diverse morphological structures with tuned properties for certain 
applications could be developed. Electrospinning generates loosely connected 3D 
porous mats with high porosity and high surface area which can mimic ECM 
structure and therefore makes itself an excellent candidate for use in tissue 
engineering. Biocompatibility and biodegradability are the other most critical 
requirements for electrospun fibres as a scaffold which determines the scaffold’s 
ability to degrade within a timeframe in-vivo. Drug release and tissue engineering are 
closely related areas have been targeted for utilization of electrospun fibres. Many 
research groups have evaluated the properties of the fabricated nanofibres as 
potential cell supportive tissue scaffolds.
190,198–204
 For instance, PLGA electrospun 
fibres were fabricated by Ko et al. to be employed as bone-marrow-derived 
mesenchymal stem cells  template which indicated cell attachment and proliferation 
on PLGA mat.
205
 Hsiao et al. also investigated the interaction of primary 
cardiomyosytes  with aligned electrospun PLGA fibres which could direct cells for 
cardiac tissue.
206
 In another study, the conducting polymer of PAni were blended 
with PCL and gelatin to be electrospun for applying electrical stimulation to nerve 
stem cells.
207
 Electrospinning also affords great flexibility in development of diverse 
materials for drug delivery and cell delivery applications.
208,209,21
 Recent work has 
examined the possibility of using electrospun matrices as constructs for giving 
controlled release of a number of drugs including antibiotics
210–212
 and anticancer 
drugs
213,214




 Some of the most important 
biomedical applications of electrospun mats like tissue engineering drug release, 
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wound dressing, enzyme immobilization etc. are highlighted as examples in 
Table ‎1-1 as below. 
Table ‎1-1: Some of the representative electrospun systems studied for biomedical applications 
Electrospun Mat Bioapplication Ref. 
PCL Controlled delivery of Dipyridamole 
218
 
Gelatin Cell regeneration and proliferation for tissue engineering 
219
 
PLGA/Silver antimicrobial wound dressing 
220
 
Chitosan/PEO/ BG Bone tissue engineering 
221
 
PVA Drug delivery of Tenofovir for vaginal applications 
222
 
Alg/PEO Wound dressing and sutures 
223
 
PU Wound dressing 
224
 
PLLA/HA/Col  Stem cell based therapies in bone tissue engineering 
225
 
PCL/Cellulose Liquid biofilters and biosensor 
226
 
PAN Water disinfection filters 
227
 




PCL/Col Smooth muscle cells growth for blood vessel engineering 
229
 
PCL Contractile cardiac grafting 
230
 
PLGA tissue engineering which support and guide cell growth 
231
 




Most commercial synthetic fibres are produced by the melt-spinning process. Melt-
spinning is a process in which dried polymer granules or chips are melted inside the 
extruder which is used afterward as the spinning dope. The obtained filament is 
quenched and solidified by cooling in a fast fibre solidifying process which is mainly 
due to the one-way heat transfer.
233
 Melt-spinning is considered to be one of the 
simplest methods compared to other fibre manufacturing methods due to the absence 
of problems associated with the use of solvents.
234
 It is therefore the preferred 
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method for spinning many polymers, provided the polymer gives a stable melt.
235
 A 
schematic of melt-spinning process is presented in Figure ‎1-7.  
 
Figure ‎1-7: Schematic of melt-spinning 
Melt-spinning has not been considered as a method of choice for development of 
biostructures, though due to the limitations involved with this method. PLA is one of 
the most widely spun polymers via melt-spinning for bioapplications. However, it 
was shown that main challenges of PLA foaming are low melt strength and slow 
crystallization kinetics. The low cell strength leads to cell coalescence and cell 
rupture during growth. There also exist few reports of the melt-spinning of 
conducting polymer fibres due to some major limitations. These include 
decomposition at temperatures below the melting point, poor control over the exact 
temperature of the polymer melt during spinning, thermo-mechanical history of the 











Of all the fibre spinning methods, solution spinning methods have the longest 
history. Wet-spinning was one of the original methods for producing synthetic fibres 




 In wet-spinning, the polymer dissolved 
in a suitable solvent is extruded directly into a coagulation bath containing a liquid 
which is miscible with the spinning solvent but a non-solvent of the polymer. This 
leads to solvent removal from the polymer and solidification of the fibre as 
precipitation occurs. Wet-spinning involves mass transfer of the solvent and non-
solvent for fibre solidification, which is slower compared to the heat transfer process 
of cooling associated with melt-spinning, and to the evaporation associated with dry 
spinning.
234
 It is usually subdivided into three main steps based on different spinning 
strategies as follows; (a) phase separation, (b) gel separation and (c) liquid crystal 
spinning.
238
 (a) During the phase separation, rapid formation of the fibre structure 
will occur as a result of polymer solution exposure with the coagulation bath. As the 
polymer fluid is injected into the non-solvent, the solvent is extracted from the 
polymer solution causes the polymer to be precipitated in the bath to form a semi-
solid fibre. Further solidification into a coagulation bath provides sufficient cohesion 
and strength for the fibre to be continuously collected when coming out of the 
coagulation bath. In the second step, the polymer is coagulated due to intermolecular 
bonds such as ionic cross-linking by a salt or another reacting agent. In the liquid 
crystal spinning stage, lyotropic crystalline solution provides sufficient alignment 
and cohesiveness to form a solid crystalline phase for fibres. A schematic of wet-
spinning is shown in Figure ‎1-8. 
 




Figure ‎1-8: Schematic of a Lab scale wet-spinning line 
Like electrospinning, wet-spun microfibres have gained considerable interest in a 
number of biomedical applications such as scaffolding substrates as well as drug 
delivery systems over the past decade.
239–242
 Flexibility, appropriate mechanical 
properties, versatility in choice of materials and structures and their the ability to be 
fabricated into devices using weaving technique such as knitting/braiding methods 
provide promising potentials for wet-spun fibres to be utilised for biomedical 
purposes. The ability to precisely control the attachment, migration, alignment, 
proliferation and differentiation of cells is also extremely important for the 
regeneration of tissues that require a complex sequence of biological cues and 
structural support. To date, wet-spun microfibres have been investigated for a range 
of polymers as tracks to guide and direct the behavior of cells for a variety of 
applications, such as vascular tissue engineering,
243
 musculoskeletal tissue 
engineering
244
 and wound healing.
245
 The majority of studies involving wet-spun 
microfibre scaffolds have primarily focused on the release of therapeutics or 
biocompatibility and tissue regeneration capabilities of 3D scaffolds. Lee et al. 
fabricated sub-micron fibres of PLGA
246
 as platforms for tissue regeneration via 
precipitating a solution of PLGA/DMSO into a bath of glycerol-containing water and 
Fibre collector 
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studied the cell attachment and growth on them to be applied as a nerve guide. PLGA 
wet-spun fibres were also formed into a tissue scaffold have been also employed as 
appropriate substrates for ligament replacement due to the characteristics it offers 
such as mainly high biocompatibility and mechanical properties.
247
 Razal et al. wet-
spun hyaluronic acid  and Chit with CNT to form a composite fibre which has 
indicated to support the growth of L-929 fibroblast cells.
248
 
From a drug-delivery perspective, wet-spinning is most similar to conventional 
microsphere based drug encapsulation techniques and avoids the potential for 
thermal denaturation of therapeutics, unlike melt-spinning and dry-spinning methods. 














been successfully incorporated into microfibres produced by wet-spinning methods 
and other variants. Dry-wet-spun microfibres have even been approved as ocular 
drug-delivery devices for treatment of posterior-segment diseases, such as macular 
edema.
254
 Some of the most important biomedical applications of electrospun mats 
like tissue engineering drug release, wound dressing, enzyme immobilization etc. are 











Table ‎1-2: Some of the representative wet-spun systems studied for biomedical applications 
Wet-spun fibre Bioapplication Ref. 
Silk-PU Small-diameter artificial vascular scaffolds 
242
 
HA–CNT Directed nerve and/or muscle repair 
248
 
Chit-PCL Scaffolds for cartilage repair 
255
 
Col Scaffolding regeneration of tendon and ligament tissue 
256
 




PAN Drug delivery system for controlled release of Tamoxifen citrate  
258
 
Amyloid  Bone tissue engineering 
259
 
Alg-Silk Wound dressings 
260
 
Chit Biomedical scaffolds 
261
 
Starch Tissue engineered scaffolds 
240
 
PAN-PCL Ibuprofen drug sustained release 
262
 




Dry-spinning is another type of solution spinning which was first employed around 
the same time as wet spinning.
264
 This old method for the preparation of synthetic 
fibres has many basic principles in common with wet spinning, including the 
requirement that the polymer needs to be dissolved in a solvent. Compared to wet 
spinning, solidification is achieved more easily through evaporation of the solvent, 
which must be highly volatile, and without requiring a coagulation bath. Dry-
spinning is suitable for polymers which are vulnerable to thermal degradation, cannot 
form viscous melts, and when specific surface characteristics of fibres are 
required.
264
 It is the preferred method for polyurethane, polyacrylonitrile, and fibres 
based on ophthalamide, polybenzimidazoles, polyamidoimides, and polyimides due 
to better physicomechanical fibre properties.
265
 Dry-spinning of continuous cellulose 
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fibres from a bio-residue of bleached banana rachis waste has been lately reported.
266
 
Recently, Zhang et. al also fabricated a hybrid dry-spun fibres from regenerated silk 
fibroin/graphene oxide aqueous solution using a dry-spinning approach.
267
 
1.3.3. Manufacturing Processes for Fabrication of Coaxial Biofibres  
Advanced fibre processing techniques such as coaxial or triaxial spinning methods 
have has recently attracted a considerable deal of attention to produce coaxial fibres 
from natural and synthetic polymers for a range of biomedical purposes. Coaxial 
electrospinning is the simplest approach in the field of coaxial spinning which has 
been extensively exploited to generate hollow and core-sheath nanofibres.
268–272
  
However, electrospinning can produce extremely fine fibres in the form of a non-
woven mat; however, the mechanical testing of individual fibres is not feasible. 
There have been also reported on difficulties involved with preparation of fibres 
using already charged polymer backbones via electrospinning wherein a stable jet 
cannot be achieved and no nanofibres would form as a result, although single 
droplets may be achieved (electrospray). In addition to this, there is a limitation in 
choosing the maximum concentration for a given solution by which it could flow. 
Consequently, the molecular weight and the concentration as long as a solvent with 
the necessary volatility which can be spun this way, are within a certain range. Thus, 
although this method shows a lot of promise, these restrictions are placed on the 
spinnability of certain polymers by solution parameters like viscosity and surface 
charging. 
Recently, wet-spinning has been utilised to produce fibres with similar structures to 
coaxial fibres.
122,273,3,274
 Despite those preliminary studies there are only a few 
reports in the literature of fabricating coaxial fibres using coaxial spinnerets using 
wet-spinning. Recently, Liang Kou et al. have also reported on the production of 
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carboxyl methyl cellulose (CMC) -wrapped graphene/CNT coaxial fibres for 
supercapacitor applications.
275
 Therefore, it is still a big challenge to develop a 
simple yet effective wet-spinning approach to directly prepare sheath-protected fibres 
as electrodes. The key principle in wet-spinning is to make polymer fibres by 
transition from a soluble to a non-soluble phase as discussed in section  1.3.2.3.
276
 
The major difference of conventional wet-spinning with the coaxial method is that in 
the coaxial process, two different polymer solutions are injected into a coaxial 
spinneret together and are co-extruded into a bath while retaining a coaxial structure. 
Using this method, long uniformly shaped fibres can be produced in a process which 
allows great flexibility in the composition of the fibre components. However, 
determining features are placed within a wide range from the material requirements 
such as optimal viscosities and concentrations of spinning solutions, solvent/solution 
miscibility, material surface charges, etc. as well as interaction between 
materials/coagulation bath (numbers of chemical/physical reactions between 
spinning components and the bath), time restrictions for storage of fibres in the bath 
and several controlling process parameters such as core/sheath injection rates, 
drawing ratio, spinneret design, post-treatment procedures and so on. It is worth 
noting that as the sheath and the core solutions are in contact and undergo the same 
procedure, the degree of dissimilarity between them, in terms of composition, and 
physical and rheological properties is critical in the formation of the coaxial 
structure. 
1.3.3.1. Methods Originated from Electrospinning 
In recent years, many modifications have been made in the basic electrospinning 
process in order to enhance the quality and improve the functionality of the resulting 
nanofibre structures. One such modification that has gained much attention and holds 
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great promise in a variety of applications is preparation of coaxial bicomponent 
nanofibre structures using “co-axial electrospinning” are also called “two-fluid 
electrospinning”.
196
 In this process, two dissimilar materials are delivered 
independently through a coaxial spinneret and drawn using high voltages to generate 
nanofibres in core-sheath configuration.
277
 Many different polymers have been 
electrospun relatively successfully in a solution or melt form. These have included 
synthetic polymers (polyesters, polyamides, polyurethanes, polycarbonates, 
polysulfones, etc.), natural materials (collagen, gelatin, elastin, chitosan, silk etc.) 
and synthetic biodegradable polymers (polyglycolic acid, polycaprolactone, 
polylactic acid, polylactide-co-glycolide, etc.). In the present time, there are three 
common processes to produce coaxial fibres via methods with similar principals to 
that of electrospinning including coaxial electrospinning, coaxial melt-
electrospinning and emulsion electrospinning. 
1.3.3.1.1. Coaxial Electrospinning 
This method was established in 2006 which bifurcated from previously described 
electrospinning in Section‎1.3.2.1.  The general set up is quite similar to that used for 
electrospinning which employs electric forces acting on polymer solutions in dc 
electric fields and resulting in significant stretching of polymer jets due to a direct 
pulling and growth of the electrically driven bending perturbations.
204,278
 A 
modification is made in the spinneret by inserting a smaller (inner) capillary that fits 
concentrically inside the bigger (outer) capillary to make coaxial configuration as 
shown in Figure ‎1-9.  
 




Figure ‎1-9: A schematic for coaxial electrospinning set up 
279
 
In coaxial electrospinning, the outer needle is attached to the reservoir containing the 
sheath solution and the inner is connected to the one holding the core solution. 
Syringes with two compartments containing different polymer solutions would 
undergo high voltages leading them to be charged. The charge accumulation occurs 
predominantly on the surface of the sheath liquid coming out of the outer co-axial 
capillary.
200
 Once the charge accumulation reaches a certain threshold value due to 
the increased applied potential, a fine jet extends from the cone due to the 
electrostatic repulsion of the charges in the polymer liquids. The coaxial set up 
expectedly requires a carefully designed and manufactured co-axial spinneret. Due to 
the similarities between coaxial electrospinning process to that of the conventional 
electrospinning, all variables that govern the quality of the process and the 
morphology of the fibres in the latter also affects the behavior in the former. Those 
affecting factors are quite diverse comprising both material (viscosities, 
concentrations, solvent/solution miscibility and incompatibility, solvent vapour 
pressure, solution conductivities, etc) and process parameters (applied voltage, flow 
rates, spinneret design, etc). Additionally, as the sheath and the core solutions are in 
Outer Fluid 
Inner Fluid 
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contact and undergo the same bending instability and whipping motion, the degree of 
dissimilarity between them, in terms of composition, and physical and rheological 
properties, plays an important role in the formation of the composite fibre. 
Coaxial electrospinning rapidly gained popularity and was implemented by a number 
of groups. The method has provided many benefits overp0 the other conventional 
spinning such as degradation of an active encapsulant can be significantly minimized 
or avoided.
183,280–282
 Also, it has been noted that burst release of a core is effectively 
minimized in case studies of release kinetics. Burst release is a phenomenon 
commonly observed in delivery devices of different forms and compositions. The 
burst effect may be favourable for certain drug administration strategies or 
applications such as wound treatment, encapsulated flavours, targeted delivery and 
pulsatile release.
283
 However, burst release is also likely to cause negative effects 
such as local/systemic toxicity, short in vivo half-life, economically inefficiency and 
a shortened release profile. Burst release is often associated with device geometry, 
surface characteristics of host material, heterogeneous distribution of drugs within 
the polymer matrix, intrinsic dissolution rate of drug, heterogeneity of matrices (pore 
density), etc. The main objective of drug delivery systems is to achieve an effective 
therapeutic administration via a sustained drug release over an extended period of 
time. Coaxial electrospun fibres have exhibited more steady release rate behaviour 
due to the creation of specific geometries. In addition to the release profile of 
biomolecules, mechanical properties and biocompatibility could also be enhanced via 
coaxial electrospinning to provide additional functional properties.
279,284,285
 Zhang et 
al. reported the coaxial electrospinning of PCL-r-Gelatin bi-component nanofibres 
for tissue engineering applications.
286
 Recently, James et al. described a coaxial 
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electrospinning method for development of novel core–shell nanofibres a using 
gelatin as core material and chitosan as shell as tissue scaffold matrices. 
287
 
1.3.3.1.2. Emulsion Electrospinning 
Emulsion electrospinning is similar to the normal solution electrospinning, except 
that the solution is replaced by an emulsion. Jets are generated from the emulsion 
liquid and stretched into ultrafine fibres. The dispersed drop in the emulsion turns 
into the core of the electrospun fibres, and the continuous matrix becomes the shell. 
The water-in-oil emulsion electrospinning is particularly used for encapsulating 
hydrophilic drugs or bioactive molecules inside the core of electrospun core/shell 
fibres to avoid burst release and prolong the release time.
208,209,288,289
 
1.3.3.1.3. Coaxial Melt-electrospinning 
Coaxial melt-electrospinning is quite similar to the traditional electrospinning 
method with a small difference of using polymer melts instead of solutions, for 
which a heating system is used that surrounds the reservoir.
196
 The polymer melt is 
usually produced by heating from either resistance heating, circulating fluids, air 
heating or lasers. This so-called coaxial melt-electrospinning is the result of 
combination of melt-electrospinning with coaxial spinneret which provides a facile 
method for the encapsulation of solids in a composite or polymer matrix and extends 
the technique to create new morphologies and architectures. Melt electrospinning 
was first reported in the 1980s but has not been studied as extensively as solution 
electrospinning due to the more expensive setup needed to maintain elevated 
temperature of the melt and the limitation of the low conductivity and high viscosity 
of polymer melts in conventional melt electrospinning setups to achieve significant 
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fibre diameter reduction by electrostatic forces.
290
 A schematic of coaxial melt-
electrospinning setup is shown in Figure  1-10. 
 
Figure  1-10: Schematic for coaxial melt-electrospinning setup
291
 
Melt electrospinning has several distinct advantages over its solution-based 
counterpart, most notably environmental friendliness and low cost due to the absence 
of solvent.
292
 There is also the particular advantage when using materials with 
different melting points such as coaxial nanofibres need to be incorporated for phase 
change applications. Processing of fibres from melts is a widely used method in 
commercial fibre fabrication. Using the melt electrospinning technique, commodity 
polymers such as poly propylene (PP) and poly ethylene terephthalate (PET) have 
been directly drawn into nonwoven fibres.
292
 However, coaxial melt electrospinning 
has not been reported to be used for fabrication of biofibres to the best knowledge of 
the author. 
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1.3.3.2. Methods Descended from Wet-spinning  
Although coaxial electrospinning and its earlier discussed derived approaches were 
applied by many researchers to produce coaxial fibres, only a few reports were 
appeared in the literature reported the successful fabrication of hybrid fibres via 
coaxial wet-spinning methodology to the knowledge of author. This might be due to 
the complexity of this method because of plurality of parameters involved in the 
successful formation of a core-sheath structure inside a coagulation bath. In the first 
instance, the fabrication of wet-spun coaxial fibres appears a straightforward task; 
two different components are injected through a coaxial spinneret at once into a 
proper coagulation bath to form a coaxial structure. However, this simple approach 
presents several challenges. Many parameters are needed to be controlled and 
regulated in order to hold both components in a coaxial structure. Among those, the 
solution properties are known as the key factors affecting the spinning process 
including mainly the material concentrations, viscosities, surface charges, surface 
tensions, polymer natures and functionalities and so on. However, less important 
considerations such as systematic variables (injection rates (Vi), core to sheath  
injection rates ratio, take-up velocity (Vt), coagulation bath constituents, drawing 
velocity (Vd), spinneret specialties, post-treatment processes, etc.) and ambient 
conditions (temperature, post-spinning conditions) could be also influenced the 
process as well as final fibre properties significantly. Up to date, different examples 
of coaxial fibres have been reported using a number of  materials such as conducting 
polymers, metals, natural polymers and carbon-based components via various 
production methods. Most efforts have been focussed on approaches based on 
electrospinning to date to produce coaxial structures. Some of the main techniques to 
produce coaxial fibres and yarns are described in the following sections. However, 
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among earlier efforts to produce wet-spun coaxial fibres, few methods could be 
found sharing similar procedures to that of coaxial wet-spinning described below. 
1.3.3.2.1. Production of Hollow Fibres 
Many different types of semipermeable hollow fibres have been prepared by means 
of the melt, dry or wet-spinning techniques.
3,293,294
 The procedure of achieving a 
hollow structure is quite similar to that of coaxial wet-spinning in which the sheath 
spinning solution was delivered from a chamber to the external spinneret nozzle 
through injection, whereas the core fluid is usually substituted simply with 
pressurized water or the coagulant fluid injected to the central nozzle. These fibres 
are being applied in various purposes such as gas separation, ultrafiltration, reverse 
osmosis as well as many biological applications including drug delivery, dialysis and 
tissue engineering.  
First attempts to produce hollow fibres via wet-spinning might go back to the year 
1976 when Cabasso et al. presented a method to develop porous polysulfone hollow 
fibres as supports for ultrathin membrane coatings useful in high-pressure reverse 
osmosis processes.
293
 Later on, Aptel and his co-workers reported of producing 
asymmetric hollow fibres from a three-component dope mixture containing 
polysulfone, polyvinylpyrrolidone (PVP), and N,N-dimethylacetamide using wet-
dry-spinning technique.
295
 Then, another research group produced polymer hollow 
fibre membranes for removal of toxic substances from blood in 1989.
296
  
Delivery systems with diverse release profiles spanning from a few days to several 
months have been achieved by encapsulation of biological molecules as well as drug 
reservoirs into the core of hollow fibres or chemically crosslinking or adsorbing 
therapeutics to the surfaces of fibres. With regard to the encapsulation of drugs 
within wet-spun filaments, a critical issue is obtaining the appropriate release 
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characteristics and mechanical integrity for specific cell type/tissue architecture. 
Phillips et al. have reported of fabrication of PVDF hollow fibre for drug delivery to 
tumour cells. Polacco and his colleagues also described a hollow PLGA fibre 
fabrication as a controlled drug release system.
297
 Lee et al. have described a new 
method for encapsulation of human hepatocellular carcinoma (HepG2) cells in wet-
spun chitosan-alginate microfibres.
298
 In addition to those mentioned, many other 




1.3.3.2.2. Wet-spun Core-skin Fibres via Coating 
Preparation of so-called core-skin fibres is another method ending up to similar 
structures to that of coaxial wet-spun fibres which was applied by several research 
groups, so far. Actually, this approach is same as the traditional wet-spinning 
method. However, the coagulation bath which the polymer participates in is altered 
with a second material. Consequently, a thin layer of the second component is 
formed on fibres like a skin. A few fibre companies have recently reported on the 
production of skin-core fibres. Mitsubishi Rayon Co. Ltd. has succeeded in the 
development of series of core-sheath multifunctional acrylic fibres whose core is 
filled with different materials using a wet process in 2006.
304
 A. Niekraszewicz et al. 
also reported of producing alginate-chitosan fibres characterised by very high water 
retention values of up to 1300% makes them suitable for use in sanitary and medical 
products.
305
 Later on, A. Granero et al. described a method for fabrication of CNT– 
biopolymer core-skin fibres thru injecting either a dispersion of CNT into a 
coagulation bath based on carrageenan and chitosan with opposite charge.
273
 
Recently, another researcher has taken a step forward by loading with an antibiotic 
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drug of ciprofloxacin hydrochloride into PEDOT: PSS as the inner core to the 
electropolymerised outer shell layer of Ppy.
122
 
1.3.3.2.3. Coaxial Wet-spinning 
Despite those preliminary studies to produce fibres with similar structures to that of 
the coaxial fibres such as hollow and core-skin fibres mentioned 
previously,
122,273,3,274
 there are only a few reports in the literature of fabrication of 
coaxial fibres using a coaxial spinnerets for wet-spinning.
275
 The major difference of 
conventional wet-spinning with the coaxial method is that in the coaxial process, two 
different polymer solutions are injected into a coaxial spinneret together and are co-
extruded into a bath while retaining a coaxial structure. A schematic of coaxial wet-
spinning setup is shown in Figure ‎1-11. 
 
Figure ‎1-11: Coaxial wet-spinning setup 
Coaxial wet-spinning produces hollow or core-shell fibres that can be used for quite 
a lot of purposes such as controlled release applications, electronic textiles, sensors 
and actuators.
306,307
 As a matter of fact, for the successful production of coaxial 
fibres, several parameters are needed to be controlled and regulated. Thus, 
development of a simple yet effective wet-spinning approach for directly preparation 
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of sheath-protected fibre electrodes is still remained a challenge. Among those, 
solution properties are of great importance such as material concentrations, 
viscosities, surface charges, surface tensions, polymer natures and functionalities and 
etc. However, process parameters could also influence the process as well as the final 
fibre properties significantly. G. Park and his co-workers were successful to spin 
CNT/Poly (vinyl alcohol) fibres with a sheath-core structure via wet-spinning.
308
 
Recently, Liang Kou et al. have also reported on the production of CMC/wrapped 
graphene/CNT coaxial fibres for supercapacitor applications.
275
  
1.4. A Brief Overview of Fibre-based Scaffolds 
Applications of CPFs in biological field were expanded later on with the discovery 
that these materials were compatible with many biological molecules in late 
1980s.
115
 Most CPs present a number of important advantages for biomedical 
applications, including biocompatibility, ability to entrap and controllably release 
biological molecules, ability to transfer charge from a biochemical reaction, and the 
potential to alter the properties of the CPs to better suit the nature of the specific 
application.
115
 Conducting fibres can provide self-supporting three-dimensional, 
flexible structures suitable for in-vitro and in-vivo bionic applications compared to 
the films. These functional aspects may also require the overlap of certain 
characteristics for example for uses in implantable batteries and bio-actuators.
115,309
 
In more detail, storage or conversion of energy and provide the required 
biocompatibility. Today, the major bioapplications of CPFs are generally within the 









 Recently, there is a 
growing interest in using conducting fibres for neural tissue engineering applications. 
These conductive fibrillar pathways may provide appropriate replacements for nerve 
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fibres after injuries. Electrical stimulation has been shown to enhance the nerve 
regeneration process and this consequently makes the use of electrically conductive 
polymer fibres very attractive for the construction of scaffolds for nerve tissue 
engineering. For instance, Li et al investigated the feasibility to generate novel 
electrospun PAni-gelatin blended scaffolds as potential scaffolds for neural tissue 
engineering.
313
 They reported that as-prepared fibers are biocompatible, supporting 
attachment, migration, and proliferation of rat cardiac myoblasts. In another study, 
the feasibility of fabricating a blended fibre of PAni–polypropylene as a conductive 
pathway was studied for neurobiological applications.
312
 In addition, production of 
conducting fibres for controlled drug release applications is currently of particular 
interest of many research groups. Fabrication of PEDOT:PSS-chitosan hybrid fibres 
was described using a novel wet spinning strategy to achieve a controlled release of 
an antibiotic drug.
122
 Still, there remain limitations for use of CPs due to their 
manufacturing costs, material inconsistencies, poor solubility in solvents and 
inability to directly melt process. Moreover, oxidative dopants could diminish their 
solubility in organic solvents and water and hence their processability.  
1.5. Thesis Objectives 
This thesis aims to develop coaxial and triaxial electroactive fibres to be potentially 
used as electrodes for biomedical applications. In this study, a novel wet spinning 
approach is developed that employs a coaxial spinneret for production of core-sheath 
fibres which could potentially provide a mechanism for the safe electrical stimulation 
of tissue whilst also avoiding undesirable cell damage. The electroactive nature of 
organic conductors such as graphene and conducting polymers enables improved 
mechanical and electrical properties for electrical stimulation purposes, while the 
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biofriendly character of hydrogels would be beneficial in enhancing the electro-
cellular communication process.  
Among the many production techniques available, advanced fibre processing 
methods such as coaxial and triaxial spinning has attracted a great deal of attention. 
Coaxial electrospinning which has been extensively utilised to generate hollow and 
core-sheath nanofibres, showed some deficiencies such as unfeasibility of testing the 
mechanical properties of individual fibres, difficulties for fibres preparation from 
charged polymer backbones and limitations for using viscous spinning solutions as 
well as selection of solvent. Thus, although this method shows a lot of promise, these 
restrictions are placed on the spinnability of certain polymers by solution parameters 
like viscosity and surface charging. Recently, wet-spinning has been utilised to 
enable a simple yet effective approach to directly prepare sheath-protected fibres. 
The fabrication of wet-spun coaxial fibres appears a straightforward task at first 
glance; however, many parameters are needed to be controlled and regulated in order 
to hold both components in a coaxial arrangement which mainly include the solution 
parameters combined with process variables. Coaxial electrospinning were applied 
by many researchers to produce coaxial fibres; however, only a few reports described 
the successful fabrication of hybrid fibres via coaxial wet-spinning methodology to 
the knowledge of author. This might be due to the complexity of this method because 
of plurality of parameters involved in the successful formation of a core-sheath 
structure inside a coagulation bath. 
Specifically, we have developed a one-step wet-spinning method to produce coaxial 
fibres using a couple of conductors and hydrogels via a facile continuous technique. 
Subsequently, we tried CVD technique which facilitates deposition of another 
organic conductor on the surface of coaxial fibres for the structural simulation of 
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battery structures. Spinnability of coaxial fibres considering spinning conditions such 
as appropriate choice of hydrogel, appropriate concentrations and viscosity, injection 
flow rate of each spinning solution, identification of suitable reducing agent selection 
and reduction method have been investigated in this thesis. As-prepared fibres were 
also characterised in terms of mechanical, electrical, electrochemical, swelling and 
biological properties to be optimized for use in biomedical applications.  
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2. GENERAL EXPERIMENTAL 
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2.1. Components and Spinning Solutions 
2.1.1. Materials 
Chitosan (medium molecular weight (MMW)) with a degree of deacetylation of 
about 80.0%), chitosan (high molecular weight (HMW)) and alginic acid sodium salt 
from brown algae (medium molecular weight) were obtained from Sigma-Aldrich 
Co. LLC. Acetic acid was supplied from Ajax Finechem and used directly without 
further purification. Calcium chloride fused dihydrate (molecular weight of 147.02 
obtained from Chem-supply) was used as the coagulating agent. Sodium hydroxide 
pellets (obtained from Ajax Finechem) was also used as the coagulating agent. 
Isopropanol (ISP) was obtained from Merck Chemicals. PEDOT:PSS pellets were 
purchased from Agfa (Orgacon dry
TM
, Lot A6,000 AC) and used as supplied. GO in 
its Liquid Crystal form was synthesized in house as described in previous studies 
based on modified Hummers method.
1
 L-Ascorbic acid were purchased from Sigma-
Aldrich Co. Pyrrole was supplied in house and used as obtained. 
2.1.2. Gel Spinning Precursors 
Chitosan powder 3% (w v
-1
) was dissolved in water containing 2.5% (v v
-1
) acetic 
acid. The powder was dissolved in water and stirred overnight at a temperature of 
~50 ˚C to form a homogenous solution. For the purpose of coaxial spinning, chitosan 
solution was prepared with three different concentrations of calcium chloride, 0.5, 1 
and 2% (w v
-1
), as the cross-linking agent for the sodium alginate.  
Alginate spinning solution was produced by dissolving alginate powder in water 
while stirring overnight at ~50 ˚C to provide homogeneity for the spinning. The 
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sodium alginate in solution was then precipitated in a bath of aqueous calcium 
chloride (Ethanol/H2O 1:5). 
2.1.3. Graphene Oxide Liquid Crystal Dispersion 
Liquid Crystal Graphene Oxide (LC GO) dispersions were prepared in house based 
on the typical previously reported modified Hummers method
1,2
 in which firstly 1 g 
of EG and 200 mL of sulphuric acid were mixed and stirred in a three neck flask for 
24 hrs. After that, 5 g of KMnO4 was added to the mixture and stirred at room 
temperature for 24 hrs. The mixture was then cooled in an ice bath and 200 mL of 
deionised water and 50 mL of H2O2 were poured slowly into the mixture resulting in 
a colour change to light brown followed by stirring for 30 min. The resulting 
dispersion was washed and centrifuged three times with a HCl solution (9:1 vol 
water: HCl). Repeated centrifugation-washing steps with deionised water were 
carried out until a solution pH ≥6 was achieved. Large GO sheets were re-dispersed 
in deionised water by gentle shaking without the need for sonication. Liquid 




2.1.4. PEDOT: PSS Dispersion 
Aqueous dispersions were made from PEDOT:PSS pellets holding the concentrations 
of up to 2.5% w v
-1
. The dispersions were then undertaken a homogenising step 
(Labtek IKA
R
 T25) at 18,000 rpm for 15 min followed by 1 hr bath sonication 
(Branson B5500R-DTH). Another PEDOT:PSS solution was also made using the 
previously explained procedure. However, Polyethylene glycol (PEG) (Mw 2000) 
(10% w v
-1
) was finally added to the formulation directly, homogenised at 18,000 
rpm for more 2 min followed by 10 min bath sonication. 
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Wet-spinning of formulations prepared only by mechanical stirring or 
homogenization without further sonication, would cause relatively bigger particles in 
the dispersion to be accumulated at the needle tip and formed a frequent breaking 
during fibre formation (clearly visible in the fibre structure inside the coagulation 
bath). The formulations were furthered filtered with 1 μm sterile filters. 
2.2. Experimental Methods 
2.2.1. Spinning Techniques 
Two types of fiber wet-spinning methods were utilized, rotary wet-spinning and long 
bath for coaxial wet-spinning. 
2.2.1.1. Rotary Wet-spinning Approach 
Pure hydrogel and GO fibres were spun via a rotary wet-spinning method. For this 
purpose, the spinning solutions were injected into a rotating petri-dish contained an 
appropriate coagulation bath through the thin nozzle of spinneret as depicted in 
Figure ‎2-1. In addition, to demonstrate continueous fibre wet-spinning, spinning 
trials were carried out using a custom-built wet-spinning setup (depicted in 
Figure  1-8,  previously). 
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2.2.1.2. Coaxial Wet-spinning 
Core-sheath fibres were successfully spun using a coaxial spinneret. For this purpose, 
a novel coaxial spinneret with two input ports was designed (schematically shown in 
Figure ‎2-2). Spinning solution of the core component was injected through port B 
and extruded through the centre outlet nozzle into the proper coagulation bath. 
Simultaneously, the sheath spinning solution was extruded as the sheath of the fibre, 
providing an outer casing for the core, by injection through port A which facilitates 
extrusion through the outer segment of the spinneret nozzle.  
 
Figure ‎2-2: A schematic of coaxial spinneret 
A schematic of the coaxial wet-spinning setup was previously shown in Figure  1-11. 
The setup consists of two injection syringes and pumps (KDS100, KD Scientific 
Inc.), connected to port A and B of the predesigned coaxial spinneret, a coagulation 
bath and a stretching collector (Nakamura Service Co.). Also the rates at which 
spinning solutions are injected with are quite important in successful formation of 
coaxial fibres. Generally speaking, the core component is needed to be delivered at a 
lower rate compared to the sheath material because it is needed to have sufficient 
time to be covered by the sheath material. 
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Considering 𝑉𝑖 for each component the outlet sectional area diameter, the output flow 
rate was calculated according to the equation, 𝑄 = 𝑉𝐴  3 where 𝑄 represents the 
volumetric flow rate (𝑚
3
ℎ𝑟⁄ ), 𝑉 the linear velocity (
𝑚𝐿
ℎ𝑟⁄ ) and 𝐴 the cross-
sectional area of spinneret head (𝑚2) during coaxial spinning. 
Assuming a Newtonian flow, the shear rate during injection can be estimated from 
the flow rate (𝑄)  and the inner radius of the spinneret (𝑅), using Equation ‎2-1 as 
below: 
𝜸. =  
𝟒𝑸
𝝅𝑹𝟑
                   Equation ‎2-1 
Consequently, the viscosities of core and sheath solutions during the process could 
be approximately calculated.  
2.2.1.3. Rheological Characterisation of Spinning Solutions 
An understanding of the rheological properties of spinning solutions is essential to 
determine the optimum conditions for wet-spinning. This feature is regarded as the 
primary criterion for the selection of suitable concentrations of materials for the 
purpose of coaxial spinning. Viscosity changes in spinning solutions were measured 
in flow mode (cone and plate method) (angle: 2º, diameter: 60 mm) by Rheometer- 
(AR-G2 TA Instruments, USA) and repeated three times for each sample. 
Approximately 2 mL of spinning solutions/dispersions was loaded into the rheometer 
plate carefully not to shear or stretch the sample. Shear viscosity measurements were 
carried out three times for each sample at room temperature (~25 ˚C).  
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2.2.1.4. Stereomicroscope Observation 
Digital images and measurements of prepared fibres (in their wet/dry states) were 
obtained. The fibre diameters were also measured using a LEICA M205 
stereomicroscope and LAS 4.4 software. 
2.2.1.5. Low Vacuum Scanning Electron Microscopy  
The morphology of fibres, surface and cross-sectional structure, were examined in a 
JSM-6490LV SEM. Samples were prepared for imaging by immersion in SBF (for 
about 30 min) beforehand and then short lengths (about 5mm) were removed, 
drained of excess medium and inserted into holes (1 or 1.5 mm diameter) which had 
been pre-drilled into a small brass block (approximately 25 mm diameter x 10mm) 
(See Figure ‎2-3 (a)). The holes allow the fibres to be inserted upright and protrude 
from the brass block (See Figure  2-3 (b)). The block containing the mounted fibres 
was then plunged into liquid nitrogen for about 45 seconds and a liquid nitrogen 
cooled razor blade was run across the surface of the block to fracture the fibres. The 
block was then quickly transferred to the LVSEM for examination. SEM images 
were taken in HV mode at 15 kV operating voltage and a spot size setting of 45. Due 
to their inherent water content, the fibres remained conductive for a period of 25 – 30 
min in the SEM vacuum and so no coating was required.  
 




Figure ‎2-3: (a) 25 mm x 10mm pre-drilled brass block, (b) wet fibres inserted upright into the 
holes and protrude from the brass block to be imaged under LVSEM 
2.2.1.6. Scanning Electron Microscopy  
The morphological structures of the fibre surface and cross-sections were observed 
by a JEOL JSM-7500 FESEM. Samples for imaging were prepared by cutting cross 
sections in liquid nitrogen using a scalpel blade. They were then coated (EDWARDS 
Auto 306) with a thin (10 nm) layer of Pt to aid with imaging and minimise beam 
heating effects. Cross-sections were analysed at 25 kV accelerating voltage and a 
spot size setting of 13 under High Vacuum (ultimately is of the order of 0.1mPa). 
2.2.1.7. Fourier transform infrared  
The Fourier transform infrared (FTIR) spectroscopy was employed to examine which 
functional groups might be present in the structure.  FTIR spectroscopy was 
performed in KBr pellet on a Shimadzu FTIR Prestige-21 spectrometer, in the 700–
4000 cm
−1
 range with 4 cm
−1
 resolution. 
2.2.1.8. Dynamic Mechanical Analysis 
The mechanical properties of fibres were measured via performing tensile 
experiments. Tensile tests were carried out on a Dynamic Mechanical Tester (EZ-L 
a b
 2 mm 
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Tester from Shimadzu, Japan), at 2 mm min
-1
 and a gauge length of 10 mm. Average 
values of tensile strength and maximum strain were determined after repeating the 
test three times. 
2.2.1.9. Thermogravimetric Analysis  
Thermogravimetric Analysis (TGA) was used to determine the decomposition 
temperature of both materials in produced fibres. As a result, the weight ratio of each 
hydrogel involved in forming the fibres can be roughly determined. 
Thermogravimetric measurements were made using a TA instruments 
Thermogravimetric Analyser (TGA) model TGA/SDTA851e. The temperature range 
studied was 25-800 ˚C at the heating rate of 2 ˚C min
-1
 under an air atmosphere. The 
mass of the sample pan was continuously recorded as a function of temperature. 
2.2.1.10.  UV-Visible Spectroscopy 
An absorbance calibration curve for sample analysis was constructed using a 
Shimadzu UV 1601 spectrophotometer. UV–vis spectra of SBF solutions containing 
TB with different concentrations were recorded between 200 nm and 1100 nm. The 
details of the experiments are given in Section  3.2.3.2.  
2.2.1.11. Cyclic Voltammetry 
Cyclic voltammetry was used to investigate the redox/electrochemical properties and 
determine the specific capacitance of as-prepared fibres. The experiment was 
performed on different fibre types inside both an aqueous and organic solutions of 1 
Molar aqueous NaCl and phosphate buffer saline (PBS) and 0.1 M 
tetrabutylammonium bromide (TBABF4), respectively. A three-electrode cell 
composed of the coaxial fibre as the working electrode, an Ag/AgCl reference 
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electrode (for aqueous electrolytes) and a Pt mesh as an auxiliary electrode was 
utilized and an E-Corder 401 interface and a potentiostat (EDAQ) was employed. In 
case of organic electrolytes 0.1 M TBABF4 in acetonitrile was used as the reference 
electrode. Steel wire with the average diameter of 25µm was inserted into the fibre 
core while spinning. Each data point in the EC plots is an average result of three 
experiments. 
In order to investigate the electrical storage and retention characteristic of the coaxial 
fibres, the specific capacitance can be calculated from capacitance versus time (C–t) 
curves achieved from the CV curve using the Equation ‎2-2 given below:
4
  
𝑪 =  
𝑸
𝟐×∆𝑽×𝒎
                     Equation ‎2-2 
Where 𝑄 is the average integral area of CV curve, 𝛥𝑉 is the working voltage window 
and 𝑚 is mass (𝑔) of the electrode material which get gravimetric capacitance in 𝐹 𝑔-
1
. 
2.2.1.11.1. Insertion of Cotton-Steel Wire into Coaxial Fibre  
To make a connection to the conductive core of the coaxial fibres, a cotton-steel wire 
with the average diameter of 20 µm was inserted into the fibre core during the 
spinning process. The flexible cotton-steel thread assembled into the core showed 
very low resistivity with an insignificant impact on the CV results (as shown is CV 
curves later on) providing  also a conductive pathway for electrochemical 
measurement. To this end, a novel triaxial spinneret with three input ports was 
designed (schematically shown in Figure ‎2-4. The cotton-steel fibre was inserted 
into the port C which is embedded at the back of spinneret, while spinning solution 
of the core was injected through port B and the sheath component injected through 
port A, simultaneously.  
 




Figure ‎2-4: Schematic of (a) lateral view and cross-section of triaxial spinneret 
2.2.1.12. Conductivity Measurements  
To determine electrical conductivity, a potential difference is applied across a sample 
material and the current flow measured based on “Ohm’s law” which is indicated in      
Equation ‎2-3. 
𝑰 = 𝑽/𝑹                         Equation ‎2-3 
Then, the conductivity of a material (σ) is defined as the reciprocal of the resistivity, 







                      Equation ‎2-4 
where ρ is the resistivity of the sample and d is the diameter of the fibre. To calculate 
the number, a linear in-house built four-point probe conductivity set-up with equal 
probe spacing of about 2.3 mm was employed to measure the room temperature 
conductivity of the monofilament fibers using a galvanostat current source (Princeton 
Applied Research Model 363) and a digital multimeter (HP Agilent 34401A). It is 
necessary for the fibres to entirely attach to the probes using silver paint. 
Conductivity is calculated from the surface of the fibres. Therefore, this method did 
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2.2.1.13. In-vitro Bioactivity Experiments 
The cytotoxicity, biocompatibility and proliferation of cells on the fibres were 
determined for different types of cells. Cell adhesion and proliferation on as-prepared 
fibres was evaluated without adding extra-cellular matrices to the fibres. Prior to use 
fibres in cell culture, about 30 mm lengths of fibres were fixed onto microscope 
slides with 4-well chamber wells (Lab Tek
R
II, Thermo Fisher Scientific) glued on 
top which were then allowed to get dry overnight. Then, the samples underwent a 
sterilization process consisted of two washes in sterile condition of 70% ethanol 
(each for 30 min) and then four washes (each for 30 min) in sterile phosphate 
buffered saline (PBS, Sigma-Aldrich Co.). Finally, they were kept in cell culture 
media overnight to remove all excess acid.  
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3. PREPARATION AND CHARACTERISATION 
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Tissue scaffolds can be synthesised from synthetic or biologically based 
bioresorbable polymers that act as a functional or inert framework for missing or 
malfunctioning human tissues and organs. The primary role of a scaffold is to 
provide a temporary substrate to which cells can adhere.
1
 A scaffold should ideally 
promote attachment, migration, proliferation and differentiation of cells, as 
appropriate.
1
 To achieve this, scaffolds must have certain physical characteristics 
tailored to tissue requirements, such as porosity, structural integrity, defined pore 
size and controlled degradability. Furthermore, the scaffold should provide the 
optimal biochemical microenvironment for the seeded cells. 
Biopolymers are commonly used in clinical and biological applications for tissue 
engineering purposes.
2–16
 Chitosan and alginate are promising, naturally occurring, 
biopolymers. They possess several unique properties including biodegradability, 
biocompatibility, low toxicity, low immunogenicity and antimicrobial activity.
17
 
These biopolymers can be obtained from different sources such as microbial and 
animal
18









 and also as cell delivery 
vehicles.
41
 Due to their simple processability, they can be fabricated in various forms 
such as gels, fibres, nano and microspheres and scaffolds.
14,42
 An ongoing quest of 
several investigators is focused towards tissue engineering and repair through the 
transplantation of cells seeded onto biodegradable polymer scaffolds.
43–45
 Porous 
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Chitosan and alginate are two of the most important members of the 
“polysaccharides from non-human origin” group.
54
 Chitosan is a cationic polymer 
derived from crustacean skeletons, while alginic acid is an anionic polymer, typically 
derived from brown algae.
55
 Alginate is a linear, binary copolymer composed of 1, 4-
linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) monomers.  The 
composition of alginate (the ratio of the two uronic acids and their sequential 
arrangements) varies with the source. Salts of alginic acid with monovalent cations 
such as sodium alginate are all soluble in water.
56
 The high acid content allows 
alginic acid to undergo spontaneous and mild gelling in the presence of divalent 
cations, such as calcium ions. However, calcium alginate fibres have proven to be 
unstable structures as tissue scaffolds or drug vehicles for in-vivo usages due to its 
tendency to swell and dissolve in various ionic solutions which are present in the 
body.
57,58
 Structurally, chitosan is a semi-synthetically derived aminopolysaccharide 
which is the N-deacetylated product of chitin, i.e. poly-(1→4)-2-amino-2-deoxy-β-
D-glucose.
2,55,59,60
  This hydrogel is highly reactive due to free amine groups and is 
readily soluble in weakly acidic solutions resulting in the formation of a cationic 
polymer with a high charge density.
61–64
 Chitosan can be produced in a variety of 
forms including films, fibres, nanoparticles and microspheres. Nevertheless the 
strong alkaline condition (pH>12) needed to form chitosan-based structures, can 
limit its utilization for loading most of drugs or bioactive molecules into it. Chitosan 
can also form ionic complexes with water-soluble anionic polymers such as alginate. 
Therefore, there has been an increased interest in fabricating alginate-chitosan 
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Both alginate and chitosan have been approved by the FDA for clinical use. 
Incorporating these two materials together in the one structure allows us to form 
polyanion–polycation complexes.
66
 The alginate/chitosan polyelectrolyte complex 
has combined properties of the two individual components, such as more stable to 
pH change for shape-keeping than alginate or chitosan alone in aqueous medium
67
 
alongside providing the opportunity to use it as drug-loaded bioscaffolds. Chitosan-
alginate hybrid polymer structures have also been shown to promote biological 
responses including enhancing cell attachment and proliferation.
68
  
Synthetic fibres are usually made via one of four typical spinning methods - wet-
spinning, melt-spinning, dry-spinning or electrospinning. Wet-spinning is the oldest 
among the four processes and is generally used to produce natural fibres that cannot 
be formed by either melt or dry-spinning.
60





 fibres because it maintains the strong interchain 
hydroxyl forces in their chemical structure. 
Wet-spun fibres have been widely used for controlled release applications. Dyes are 
often used to investigate the loading and release properties of polymeric matrices due 
to the structural resemblance with many low molecular drugs.
72–75
 Ding et al. showed 
that the loading and release of methylene blue (MB) from polyelectrolyte multilayers 
constructed using poly (diallyl dimethylammonium chloride) and poly(acrylic acid) 
(PAA) strongly depended on the pH and ionic strength of the external media.
76
 
Graciano et al. also evaluated the potential of chitosan gels delivery systems 
containing Toluidine blue O (TBO or TB) for use in the photodynamic therapy of 
buccal cancer treatment.
77
 TB is a chromophore in the phenothiazinium family with a 
strong absorption band in the 620-660 nm region, which is located within the 
phototherapeutic window (600-750 nm) in which light penetration into the tissue is 
 





 TB was used as an indicative dye incorporated into the core component 
of coaxial fibres to study the release kinetics of the fibres.  
In this chapter, a new wet-spinning approach is developed that employs a co-axial 
spinneret for production of chitosan/alginate (Chit/Alg) core-sheath fibres. This 
research explores the conditions necessary to achieve optimal properties of the 
chitosan-alginate core-sheath fibre in one-step spinning. The secondary aim of this 
research was to investigate the mechanical and swelling properties of these fibres in 
order to optimize them for use in biomedical applications. Finally, the release 
kinetics of coaxial fibres have been studied and compared with its forming 
constituents. Significantly improved mechanical and swelling properties of coaxial 
alginate-chitosan fibres, compared to their alginate counterparts were reported.  
3.2. Experimental 
3.2.1. Materials  
Medium molecular weight chitosan was used in this study as the core spinning 
solution. Toluidine Blue O (also known as toluidine blue or TB) as an indicator 
ingredient was supplied from Sigma-Aldrich Co. for the release experiments. 
A simulated body fluid (SBF) solution, with ion concentrations approximately equal 
to those of human blood plasma, was prepared with the following composition; 142 
mM Na
+
, 5 mM K
+
, 1.5 mM Mg
2+











 and 0.5 mM SO4
2−
 with the final adjusted pH of 7.4±0.05.
27
 This 
solution was used as an aqueous medium to re-swell the dried fibres for imaging. 
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3.2.2. Wet-spinning of Chitosan, Alginate and Chit-Alg Coaxial Fibres 
The spinning solutions were prepared as described in  2.1.2. Wet-spun chitosan fibres 
were produced in a coagulation bath consisting of 1M sodium hydroxide (NaOH) 
(Ethanol/H2O 1:5) using a rotary wet-spinning system.  Uniform alginate fibres were 
spun in a 2% CaCl2 coagulation bath. Core-sheath fibres of chitosan-alginate (Chit-
Alg) were successfully spun using a coaxial spinneret. For this purpose, a novel 
coaxial spinneret described was used. The chitosan spinning solution (with different 
amounts of CaCl2) was injected as the core component and extruded through the 
centre nozzle into the coagulation bath of calcium chloride (Ethanol/H2O 1:5). 
Simultaneously, alginate was injected as the sheath of the fibre, providing an outer 
casing for the core, by injection through port A. In this method, by using a blend of 
chitosan with various percentages of calcium chloride, it is possible that the alginate 
sheath can be coagulated from the inner chitosan core, while also creating the 
opportunity to react chitosan with sodium alginate at a much faster rate. The setup is 
shown in Figure ‎1-11, previously. Therefore, as mentioned earlier chitosan solutions 
including 0.5, 1 and 2% (w v
-1
) CaCl2 were prepared for the core component of the 
fibres and alginate the sheath. The samples are named here as Chit-Alg (0.5), Chit-
Alg (1) and Chit-Alg (2). Solutions were delivered at flow rates of 14 mL hr
-1
 for 
chitosan and 25 mL hr
-1
 for the sheath. Coaxial fibres of Chit-Alg (1) were then used 
for all imaging characterisation tests. 
TB was used as an indicative dye incorporated into the coaxial fibres to track the 
release experiment. For the purpose of fibre preparation for release experiments, the 
dye was mixed with chitosan solution before spinning with the concentration of 0.1% 
(w v
-1
) and then injected as the core component. These solutions were then spun into 
the same coagulation baths which were previously used to make pristine fibres. 
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Coaxial fibres containing TB were also fabricated using the method mentioned 
previously with the small difference of using chitosan/TB solution as the core 
component. 
3.2.3. Characterisation Methods 
3.2.3.1. Cell Viability Experiments 
All tissue collection and handling in this chapter of my thesis was performed 
according to St Vincent’s Hospital approved protocols by Dr. Anita Quigley. 
Myoblasts were prepared from human or mouse (C57Bl6) muscle tissue as described 
previously.
69
 Purified myoblasts were expanded and maintained in proliferation 
media (HamsF10, Trace Biosciences) supplemented with 20% fetal bovine serum 
(Invitrogen), 2.5 µg mL
-1
 bFGF (PeproTech), 2 mM L-glutamine, 100 U mL
-1
 
penicillin and 100 µg mL
-1
 streptomycin (Invitrogen)). All cell culture was carried 
out in 5% CO2 at 37 ˚C. Fibres were briefly sterilized in 70% ethanol before 
rehydration in MilliQ water. Fibres were then equilibrated in HamsF10 and 
proliferation media in 12 well plates before human or rodent myoblasts were seeded 
at a density of 30,000 cells mL
-1
 onto the fibres. Myoblasts were allowed to attach 
for 3 days before analysis for cell attachment and survival. 
Cells were stained with 1 µM Calcein AM (Life Technologies) and 0.5µM 
propidium iodide for 15 min at 37 ºC (Sigma-Aldrich Co.) to indicate viable and dead 
cells. Digital images were obtained under fluorescence using an IX70 inverted 
microscope (Olympus) and Spot (version 4.7.0) software (Diagnostic Instruments).  
3.2.3.2. TB Release Measurement 
The release kinetics of the prepared fibres for drug release applications was studied 
using TB as a model dye introduced into the fibres over a 5-day period. The amount 
 
89 | P a g e  
 
89 
of released TB was determined via UV–vis spectroscopy by monitoring the 
absorption of TB at its λmax 630 nm in SBF (pH 7.4, total volume is 1 mL). To 
construct an absorbance calibration curve for sample analysis using a Shimadzu UV 
1601 spectrophotometer, UV–vis spectra of SBF solutions containing TB with 
different concentrations were recorded between 200 nm and 1100 nm. 
Approximately 5 cm of each dried sample (in triplicate) was placed in a 2 mL 
Eppendorf tube and 1 mL of SBF was added into it. The release medium was taken 
by micro-pipette at specific time points over 5 days and replaced with the same 
volume of fresh SBF solution to maintain the total volume constant. The percentage 
of released TB (%) was plotted versus time. 
3.3. Results and Discussion 
Initial investigations were aimed at determining the spinnability and the physical 
characteristics of potential dopes to ensure they were in the range required for fibre 
formation. 
3.3.1. Spinnability vs. Concentration 
Spinnability can be defined as the ability of a material of being suitable for spinning 
or the capability of being spun. In the context of wet-spinning, spinnability could be 
referred to the ability of a solution to form fibrillar arrangements via injection into a 
non-solvent medium which makes it precipitate, so-called a coagulation bath.
78  
The 
spinnability of a polymer solution depends on many parameters, including the 
rheological properties of a solution, size of nozzle, shear rate applied during injection 
through spinneret and mass transfer rate difference between the extruded solution 
and non-solvent. Several types of either suitable solvent or coagulant could be 
employed depending on the chemical structure of material. Often an upper and lower 
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limit for polymer concentration during wet-spinning is considered facilitates spinning 
continuous length of fibres. The capillary break-up is widely understood as a surface-
tension induced break-up of filaments into drops can occur at low concentrations of 
the polymer solution which determines the lower limit of spinnability.
79
  Spinnable 





Here, we found that 2-5% (w v
-1
) is the appropriate concentration range enabling 
wet-spinning of MMW chitosan into a coagulation bath of 1M NaOH. Observations 
also indicated that aqueous alginate solutions at a concentration of below 2% (w v
-1
) 
would not generate a continuous fibrous structure via wet-spinning; increasing the 
alginate concentration from 2 to 4 % (w v
-1
), the solution became highly spinnable.  
Then again, at concentrations above 4% (w v
-1
), the solution became highly viscous 
which imped continuous flow through the needle, rendering the solution unspinnable. 
A concentration of 3% (w v
-1
) has been thus selected for both gel precursors due to 
the ease of spinnability, together with maintaining the suitable mechanical properties 
for coaxial wet-spinning. In brief, the concentrations of spinning solutions were kept 
constant to study the effect of spinning parameters such as injection rates and the 
amount of calcium chloride inside the coagulation bath as well as amount mixed with 
chitosan solutions. 
3.3.2.  Rheology 
Viscosity is considered in the selection of suitable concentrations of chitosan and 
alginate solutions for fibre spinning. For coaxial spinning matching viscosities of the 
two components is also a consideration.
68
 
Figure ‎3-1 shows changes in viscosity versus shear rate was determined from 
aqueous solutions of chitosan at 3% (w v
-1
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solutions of 3% (w v
-1
) chitosan resulted in a solution with a viscosity of 6.4 Pa*s. 
The viscosity of 3% (w v
-1
) sodium alginate solution was approximately 8.5 Pa*s.  
 
Figure ‎3-1: Viscosities of spinning solutions of chitosan and sodium alginate 
The viscosities of the two solutions became closer as the shear rate increased. Under 
shear, hydrogel chains are in a less expanded conformation and become less 
entangled causing the viscosity to drop. At the time of spinning, chitosan is injected 
with rate of 14 mL hr
-1
 while 𝑉𝑖 is 25 mL hr-1 for the alginate solution. Considering 
the outlet sectional area diameter, the output shear rate (
.
) was calculated according 
to calculations in chapter 2, section ‎2.2.1.2.1. The shear rates calculated to be about 
~97 S
-1




 for chitosan solutions which resulted in a viscosity of 
~2.5 Pa*s for chitosan and ~2.8 Pa*s for alginate solutions. These outcomes seem to 
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3.3.3. Continuous Spinning of Coaxial Fibres 
To produce continuous uniform fibres, chitosan with injection rate of 14 mL hr
-1
 and 
alginate solution with rate of 25 mL hr
-1
 have been simultaneously injected into the 
2% (w v
-1
) aqueous CaCl2 coagulation bath through the ports built in the coaxial 
spinneret.  The spinning method to achieve the optimal properties was described in 
section ‎2.2.1.2 in detail, previously. Using this method, unlimited length of fibres 
could be obtained which was collected using a collector as shown in Figure ‎3-2. It is 
worth mention that the preparation of coaxial fibres without incorporating a certain 
amount of CaCl2 did not turn out to be successful as tried. 
 
Figure ‎3-2: The capability of producing unlimited length of coaxial Chit-Alg (1)  
fibres as shown onto a collector 
The woven structure of Chit-Alg fibres (containing TB) in dry and wet state were 
shown in Figure ‎3-3 (a) and (b), respectively. This capability provides the potential 
for these structures to be utilized as tissue scaffolds and drug delivery vehicles 
applications. 
 




Figure ‎3-3: The photographs of scaffold structure woven by coaxial fibres; 
imaged in (a) dry and (b) wet-state 
3.3.4. Morphology of As-prepared Fibres 
The stereomicroscope images of wet-spun chitosan, alginate and core-sheath 
Chit/Alg fibres are shown in Figure ‎3-4 in wet and dry-states.  
a b 
2 mm 2 mm 
 




Figure ‎3-4: Stereomicroscope images of side view of wet (a) alginate, (b) chitosan, (c) coaxial 
Chit-Alg (1) and (b) dry Chit-Alg (1) fibre 
As can be seen in Figure  3-4 (a) and (b), the surface of chitosan fibre seemed to be 
very smooth and soft, while some wrinkles can be noticed spreading on the surface 
of the alginate fibre which will be increased during the fibre drying process. 
Moreover, one can see that the core-sheath fibres are straight and smooth with a core 
loaded in the centre of fibres, have a uniform structure and diameter of ca. 220 µm 
and 136 µm for the sheath and core when wet, respectively (Figure  3-4 (c)). 
However, the dried fibres hold the thickness of ~140±10 µm (This average value was 
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addition, some lines or longitudinal indentations can be observed running parallel 
with the fibres on totally dried core-sheath fibre as shown in Figure  4-3 (d). The 
chitosan core is ~90 µm which is surrounded by a thin layer of alginate sheath of ~8-
12 µm. Still, the thicknesses of core and sheath materials are adjustable by changing 
solution feed rates and the drawing ratio (data, variables vs. dimensions). Changes in 
dimensions of core and sheath components for three various injection rates and two 
drawing ratios as a result of changing the collection rates) are presented in Table ‎3-1 
(determined from LV-SEM images). Considering two selected collection rates at 
angular velocities of 20 and 60 rpm (with the assumption of keeping the injection 
rates constant), it is possible to measure draw ratio upon increasing the collection 
rate from 20 to 60 rpm while using the same collector (constant radius). The 
relationship between linear velocity and angular velocity could be defined with the    
Equation ‎3-1; 
𝒗 =  𝝎 𝒓                      Equation ‎3-1 
where 𝜔, is the angular velocity (collection rate), v is the linear velocity (draw ratio) 
and 𝑟 is the radius of the collector.  
Table ‎3-1: Thickness of sheath and core, µm, in wet-state as a function of wet-spinning condition 
   Draw Ratio 
Sheath/Core injection rates (mL hr
-1
) 1 3 
25/14 220±6.1, 136±2.05 152±4.3, 100±7.5 
40/14 231±3.2,103±8 165±1.2, 107±7.6 
25/20 Not successful 
As could be seen in Table  3-1, the fibre diameter decreased as the drawing ratio 
increased. In general, the molecular orientation of fibre materials obtained through 
the drawing process governs their properties, particularly the mechanical properties. 
In addition, the thickness of the sheath would have a direct relationship with 
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increasing its injection rate; the thickness of alginate increased as the shear rate 
increased while the feeding rate of core component was kept constant. However, 
while the application of shear is essential in obtaining orientation in the fibre, high 
shear rates develop beaded non-uniform fibre in the coagulation bath as a result of 
die swell (swelling of the free jet of solution upon injection from spinneret) and skin 
formation. Die swell occurs as a consequence of polymer relaxation due to its low 
entropy conformation  after shear is applied during extrusion through the spinneret, 
where polymer molecules are oriented by the flow. The diameter of the jet then 
decreases as a result of drawing along the spinning path. A hard skin is also formed 
on the surface of the filament which results in the rate the jet diameter decreases. 
When the shear rate of chitosan increased to 20 mL hr
-1
, formation of the coaxial 
structure did not turn out to be successful. It seemed that the sheath components were 
not thick enough to hold the core material in place. 
LV-SEM images of cross-sections and the surfaces of solid and core-sheath fibres 
are illustrated in Figure ‎3-5 (a-e). They give valuable information about the 
morphology of the two polymers. Before imaging fibres were immersed in SBF and 
imaged with LV-SEM in an attempt to capture structural information in the “wet-
state”, since that is how they would be used in future possible applications. 
 




Figure ‎3-5: LV-SEM images of hydrated as-prepared (a) alginate, (b) chitosan and (c) Chit-Alg 
(1) cross section in SBF, (d) chitosan core arrangement in cross section (e) alginate sheath 
construction in the cross section 
Cross-sections of solid fibres fabricated based on spinning conditions mentioned in 
Section  3.2.2, clearly show the cylinder shaped form of the hydrated chitosan and 
alginate solid fibres (Figure  3-5 (a) and (b), respectively). Alginate fibres appeared to 
be permeable and spongy, while the cross-section of chitosan fibres appeared to be 
denser. In contrast, cross-sections of the coaxial fibres reveal slightly irregular, oval 
shaped fibres with a distinct separation between chitosan in the core and the outer 
alginate sheath as is indicated in Figure  3-5 (c). In addition, both polymers show an 
extensive porous structure in the coaxial structure. On the cross-section of chitosan, 
regular crystalline structures can be seen which are probably due to the presence of 
calcium chloride inside the core (Figure  3-5 (d), while alginate has a honeycomb 
structure (Figure  3-5 (e)). It is evident that the fibre is composed of two distinct areas 
of chitosan and alginate.  




100 µm b 
20 µm e 
c 100 µm a 
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3.3.5. Mechanical Properties of As-prepared Fibres 
The mechanical properties of alginate, chitosan and Chit-Alg coaxial fibres 
employing different concentrations of calcium chloride in chitosan core spinning 
dope are depicted in Figure ‎3-6. Ultimate stresses (MPa), ultimate strains (%), 
Young’s moduli (MPa) and swelling ratios (%) were measured for alginate, chitosan, 
Chit-Alg (0.5), Chit-Alg (1) and Chit-Alg (2) fibres, respectively.  
 
Figure ‎3-6: Stress–strain curves obtained from tensile tests of alginate sinzgle and 
chitosan/alginate coaxial fibres using different CaCl2 concentrations 
Mechanical analysis results revealed that with addition of more calcium chloride to 
the core-dope, the Young’s modulus decreased. Increasing the amount of calcium 
chloride into fibre core will probably cause agglomerations which can lead to phase 
separation. Thus, there would be an upper threshold for the amount of CaCl2 in the 
core at which the optimum mechanical parameters could be achieved. As a result, the 
 
99 | P a g e  
 
99 
mechanical properties of as-prepared fibres such as Young’s modulus and ultimate 
stress were decreased by addition of more than 1% (w v
-1
) CaCl2. 
Table ‎3-2: Comparison of mechanical properties of solid and coaxial biofibres 








Alginate fibre ~31±5  ~26±3 1.6±0.15 (Non-measurable) 
Chitosan fibre ~146±30 ~19±5.2 6.6±0.8 ~90 
Chit-Alg (0.5) ~30±5 ~22±8 0.6±0.1 ~360 
Chit-Alg (1) ~80±10 ~14±3 1.9±0.2 ~540 
Chit-Alg (2) ~28±5 ~37±5 0.55±0.1 ~385 
The results, which are presented in Table ‎3-2, also confirmed the reinforcing role 
played by the chitosan core in coaxial Chit-Alg fibres. Young’s modulus was 
measured to be ca. 1.7 and 6.6 MPa for alginate and chitosan solid fibres, 
respectively. It has been also revealed that the fibres which contain 1% (w v
-1
) CaCl2 
resulted in the highest mechanical results due to their modulus and ultimate stress 
compared to other coaxial fibres. 
3.3.6. Swelling Properties in SBF 
The swelling properties of the fibres were determined in SBF medium over a period 
of 48 hrs. Fibre diameters were measured at different time intervals. Results are 
shown in Figure ‎3-7 and listed in Table ‎3-2. Solid fibres have shown quite different 
degrees of swelling; while chitosan fibres showed only 90% calcium alginate fibre, 
the swelling of alginate fibres occur quite fast up to high ratios (until the fibre lose its 
fibrillar shape completely which make it almost impossible to be measured). This 
phenomenon is mostly due to the ionic exchange between the divalent cations and 








Figure ‎3-7: Swelling properties of coaxial wet-spun fibres in SBF as a function of the immersion 
time 
It can be seen in Figure  3-7 that coaxial fibres containing 0.5% (w v
-1
) calcium 
chloride have shown the least amount of initial swelling, while fibres with 1% (w v
-1
) 
calcium chloride in the core demonstrated the highest degree of swelling. It seems 
that two simultaneous events are occurring by increasing the calcium chloride 
content in the core (from 0.5 to 2% (w v
-1
)). Increasing the number of ionic groups 
(Ca
2+
) in hydrogels is known to increase their swelling capacity.
81
 This is mainly due 
to the simultaneous increase of the number of counterions inside the gel, which 
produces an additional osmotic pressure that swells the gel as described in Flory 
theory previously.
82
  Therefore, by adding more calcium chloride to the chitosan 
solution the degree of swelling increases. On the other hand, increasing the amount 
of Ca
2+ 
ions also results in an increase in the ion exchange process within the sodium 
alginate. In fact, the ratio of calcium will increase in the alginate. The increase of the 
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crosslinking agent concentration leads to the formation of a hydrogel with a greater 
3D network density and so results in sheaths which show less swelling.  
3.3.7. Thermogravimetric Analysis 
TGA was employed as a method to determine the weight ratio of each hydrogel 
involved in forming the coaxial fibres based on the decomposition temperature of 
both materials. Thermogravimetric measurements were studied in the temperature 
range of 25-800 ˚C at a heating rate of 2 ˚C min
-1
 under air atmosphere. Thermal 
properties of as-prepared fibres are shown in Figure ‎3-8.  
 
Figure ‎3-8: TG curves of alginate, chitosan and coaxial Chit-Alg (1) fibres 
As depicted in Figure ‎3-8 (a), both chitosan and alginate showed almost the similar 
thermal behaviour below 300 ˚C. Alginate showed two main drops while heating at 
about 220 ˚C and 540 ˚C. The salt decomposed by dehydration followed by 
degradation to Na2CO3 at around 220 ˚C that decomposes in N2 and there was also a 
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carbonized material that decomposes slowly at about 540 ˚C in air. According to 
study published by Newkirk et al.,
83
 the Na2CO3 decomposition is dependent on the 
sample holder and atmosphere used.  They reported that under N2 the dehydration 
occurs in a similar way, but the decomposition of the carbonized material is slower at 
around 750 ˚C, resulting in Na2CO3.
82
 Two weight losses are also observed in the 
TGA curve of chitosan. The first stage occurs at about 270 ˚C with a corresponding 
weight loss of about 52% which is attributed to the decomposition of chitosan. The 
second weight loss is around 460 ˚C, where a carbonized material will be 
decomposed in air. The total weight loss of alginate sample at about 800 ˚C is 70%, 
while it is more than 98% for chitosan. Looking at Figure  3-8, coaxial fibres had 
thermal properties and total weight loss occurring between the values observed for 
chitosan and alginate. At around 500 ˚C, only a negligible weight percentage of the 
chitosan fibre has been left. Consequently, the remained ingredients at this 
temperature are mainly from the alginate fibre which is about 28-40% wt. for the 
coaxial structures. These results indicate that the coaxial structures contain about 60-
70% wt. of the chitosan core and 30-40% wt. of alginate sheath when dried 
completely. A vigorous liberation of CO2 was observed while a dark insoluble 
residue remained in the test tube, in both cases.  
3.3.8. Cytocompatiblity Experiment  
All tissue collection and handling in this chapter of my thesis was performed 
according to St Vincent’s Hospital approved protocols by Dr. Anita Quigley as noted 
previously. In order to evaluate whether the wet-spinning process induced 
cytotoxicity to the coaxial fibres, two types of cells were seeded on the fibres. Both 
human and murine myoblasts seeded onto fibre surfaces were shown to attach and 
align with the morphology of the fibre surface features (Figure ‎3-9 (a-c)).  
 




Figure ‎3-9: Coaxial chitosan-alginate fibres were analysed for their ability to support primary 
cell adhesion and growth. Murine (a) and human (b) myoblasts were observed to adhere and 
spread along the alginate surface of the fibres. (c) Calcein AM staining of human myoblasts 
revealed that the majority of cells remained viable for at least 7 days in culture and cells 
appeared to show some alignment with the surface features of the fibres 
Cell attachment was observed on all fibre formulations analysed in this study. 
Calcein staining (Figure ‎3-9 (c)) indicated that cells remained viable for at least 7 
days on fibre surfaces and attached cells generally showed normal myoblast 
morphology on the fibre surface, although some cells remained rounded. Cells 
attached to the surface of the tissue culture well showed normal morphology 
suggesting that the effect of the fibres on cell activity was minimal. These results 
suggest that alginate-chitosan fibres fabricated by the wet-spinning process showed 
no toxicity affecting the cell survival. Further in vivo and in-vitro studies, beyond the 
scope of the current study, are necessary to ascertain the effects of the fibres on cell 








104 | P a g e  
 
104 
3.3.9. In-vitro Release Measurement 
The calibration curve was determined by monitoring the absorption of TB at its λmax 
(630 nm) in SBF with various concentrations of TB using UV–vis spectroscopy. The 
ability of drug to release from the polymer matrix depend on a number of factors 
such as the solubility of the drug in the polymer matrix, the solubility of the drug in 
the medium, swelling and solubility of the polymer matrix in the medium and the 
diffusion of the drug from the polymer matrix to the medium.
84
 The release profiles 
of TB from dye loaded coaxial fibres in SBF for up to 4 days were plotted vs. time 
and are demonstrated in Figure ‎3-10. 
 
Figure ‎3-10: Time dependent TB releasing behaviour of chitosan, alginate and 
Chit/Alg hydrogel fibres in SBF at 37 ºC. Inset; burst release of coaxial 
fibres in the first 30 minutes 
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The whole release time period varied for different types of fibres including alginate, 
chitosan and the core-sheath fibre depending on the period over which they could 
resist the media before their structure fell apart. As noted previously, calcium 
alginate could be easily degraded when used for in-vivo applications due to the ionic 
exchange between the divalent cations and sodium in the which are present in the 
body environment.
14,85
 Therefore, it is believed that the release of TB observed from 
alginate fibres was mainly due to the degradation of alginate fibres. On the other 
hand, wet-spinning of chitosan fibre is needed to be done in basic coagulation bath 
which is not an appropriate condition for most of loaded drugs. Coaxial fibres 
indicated a controlled manner of release more or less like chitosan fibres. However, 
with the help of coaxial spinning, their fabrication process via wet-spinning is 
performed in a neutral coagulation bath. These results provide the suitable condition 
to load any types of drugs into the wet-spun fibres for drug delivery applications. As 
can be seen in Figure  3-10, the coaxial fibres showed similar release behaviour to 
that of the chitosan fibres. But, they could stand the media in a shorter period of time 
without losing the initial structure.  
In the initial period of 2 hours, a fast release of TB from alginate fibres is observed at 
which more than 70% of TB is released. Either chitosan or Chit/Alg coaxial fibres 
showed approximately 30% burst release of TB followed by a sustained release 
within over 4 days. Whilst alginate fibre could not stand the media more than 4 days, 
ca. 42% and 50% of the TB is released from chitosan and Chit/Alg fibres, 
respectively. Figure 3-10 shows a good sustained-release profile of TB from coaxial 
fibres. TB is a hydrophilic molecule with a greater solubility in aqueous 
environment, so its drug diffusion rate through the polymeric matrix is highly 
dependent on the swelling of the polymeric fibre. Thus, according to the swelling 
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ratio results, it is expected to obtain much faster release from alginate fibres than 
those of either chitosan or coaxial fibres.  
3.4. Conclusion  
The production of coaxial biofibres has been successfully developed for the first time 
using a wet-spinning method. The morphological, mechanical, thermal and swelling 
properties of these fibres are discussed. Enhanced mechanical properties of 260% in 
ultimate stress and more than 300% in the Young’s modulus were observed by 
incorporating 1% (w v
-1
) CaCl2 into the chitosan core. SEM micrographs of the 
cross-section of chitosan-alginate fibres clearly show the cylinder shaped 
monofilament form of the chitosan fibre covered with alginate.  These biofibres as 
delivery platforms have demonstrated great potentials toward advancing current drug 
delivery systems. Hybrid Chit/Alg fibres could likely be promising as a novel kind of 
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4. FABRICATION OF COAXIAL WET-SPUN 







Aspects of the work detailed in this chapter have been published (Mirabedini, A., 
Foroughi, J., Thompson, B. and Wallace, G. G. (2016), Fabrication of Coaxial Wet-
Spun Graphene–Chitosan Biofibres. Advanced Engineering Materials, Volume 
18: Pages 284–293. doi: 10.1002/adem.201500201) 
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 A range of metallic electrodes, most commonly 
Pt or Ti based, have conventionally been used.
4,8
 More recently the use of organic 
conductors has attracted attention since they can be loaded with bioactivity 
enhancing the electro-cellular communication process.
9,10





 have proven to be useful in this regard. However, in 
both cases the mechanical properties necessary to engender adequate conductivity 
are not an ideal match with those of the surrounding tissue. Formation of coaxial 
structures, wherein the conductor is surrounded with a more cyto-friendly material, 
should provide alternate fabrication options when considered as the building blocks 
of 3D structures. Use of a coaxial structure is an excellent alternative which allows 
improved characteristics when compared to those of the single component fibres and 
has the added advantage of providing a flexible system which may be optimised for a 
variety of purposes. Coaxial spinning is an advanced processing technique that has 
just been used recently to produce hybrid fibres from natural and synthetic 
polymers
17
 for bioapplications. Using this technique, it would become possible to 
take the advantages of an electroactive core for electrical stimulation purposes inside 
the body as well as providing good biocompatibility from the hydrogel-based sheath 
for cell adhesion and differentiation.
18
 
To date, several previous studies have used coaxial electrospinning which is the 
simplest approach in the field of coaxial spinning.
19
  Wet-spinning has been used to 
produce fibres with similar structures to that of coaxial fibres (detailed in section 
1.3.3).
20–23
 There are only a few reports in the literature of fabricating coaxial fibres 
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using coaxial spinnerets for wet-spinning. Recently, Liang Kou et al have also 
reported on the production of CMC/wrapped graphene/CNT coaxial fibres for 
supercapacitor applications.
24
 The key principle in wet-spinning is to make polymer 
fibres by transition from a soluble to a non-soluble phase. 
25
 The major difference of 
conventional wet-spinning with the coaxial method is that in the coaxial process, two 
different polymer solutions are injected into a coaxial spinneret together and are 
coagulated in a bath to form a fibre retaining a coaxial structure.  
Chitosan is a naturally occurring aminopolysaccharide, which has recently generated 
great interest for its potential in clinical and biological applications.
26–29
 It can be 
regarded as a derivative of cellulose in which the C-2 hydroxyl group in 
anhydroglucose units of cellulose is replaced by a free amine group.
30
 Alginate is a 
linear, binary copolymer composed of 1, 4-linked β-D-mannuronic acid (M) and α-L-
guluronic acid (G) monomers.  The composition of alginate (the ratio of the two 
uronic acids and their sequential arrangements) varies with the source. Salts of 
alginic acid with monovalent cations such as sodium alginate are all soluble in water.  
Graphene was selected as the conductive core constituent. Graphene is a two-
dimensional atomically thin mesh of carbon atoms which has recently received 
widespread attention. Numerous outstanding properties are exhibited by this material 
such as its excellent conductance of both heat and electricity, and being the strongest 
material ever measured. 
31,32
 Despite the properties of aqueous reduced graphene 
oxide (rGO) suspensions, they are not directly spinnable by themselves. This could 
be due to their incoherent particles, low viscosity and the high tendency of graphene 
sheets, which have a high specific surface area, to form irreversible aggregation 
through van der Waals interactions.
33
 However, spinning of liquid crystalline (LC) 
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suspensions of large sheet graphene oxide (GO) in water has been recently reported 
by several research groups.
34,35
 Use of large GO sheets has enabled the use of a wet-
spinning route to produce strong fibres which can be easily converted to electrically 
conducting graphene fibres by using an appropriate chemical reducing agent. L-
Ascorbic acid (L-AA) is a non-toxic naturally occurring compound known to act as a 
reducing agent in physiological processes and has also been used as a primary 
reducing agent in the laboratory.
36
 In addition, It has been reported earlier that the 
epoxy groups in GO can be crosslinked easily to the primary amine groups in 
chitosan, and so the polysaccharide has been widely used to modify GO.
37
 Using this 
interaction as well as the extensive H-bonding between the polymer and GO, it is 
possible to form a homogenous robust connection between chitosan and GO with 
favourable properties for coaxial wet-spinning. 
The aim of current study is to establish a wet-spinning process to produce coaxial 
conductive biofibres to take the benefit from the electroactivity of the conductive 
core along with improving the mechanical properties of the fibres and keeping good 
biocompatibility and cell adhesion of the scaffold by using a biomaterial for the 
sheath. Both GO and chitosan have been widely applied in the studies interacting 
with cells
14,38,39
 Specifically, we have developed a one-step fabrication method to 
produce coaxial fibres of chitosan and GO via a facile continuous technique. 
Spinnability of coaxial fibres considering spinning conditions such as appropriate 
choice of hydrogel, appropriate GO concentration and chitosan viscosity, injection 
flow rate of each spinning solution, identification of suitable reducing agent selection 
and reduction method have been investigated in this study. Herein, we also present a 
simple approach for reducing GO fibres using L-AA as a reducing agent in an 
aqueous solution at 80 ˚C as also suggested elsewhere.
40
 We discuss the maximum 
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conductivity, increment in mechanical properties and biocompatibility sufficient to 
support cultured cell attachment and growth. The preparation of for three fibre types 
(Alg/GO, Chit/GO and rGO) have been reported and compared. 
4.2. Experimental  
4.2.1. Materials  
High molecular weight chitosan was used in this work to provide better mechanical 
properties. L-Ascorbic acid (L-AA) were purchased from Sigma-Aldrich Co. used as 
the reducing agents.  
A simulated body fluid (SBF) solution, with ion concentrations approximately equal 
to those of human blood plasma, has been prepared with the following ion 
concentrations of 142 mM Na
+
, 5 mM K
+
, 1.5 mM Mg
2+







, 1.0 mM HPO4
2−
 and 0.5 mM SO4
2−
 with the final adjusted pH of 
7.4±0.05.
41
 This solution was used as an aqueous medium to reswell the dried fibres 
for imaging them in wet-state. 
4.2.2. Fibre spinning 
4.2.2.1. Wet-spinning of GO 
Large GO sheets were obtained using the modified Hummers method.
34
 These were 
dispersed in deionized water only by gentle shaking, without sonication. Two types 
of fiber wet-spinning methods were utilized, rotary solid wet-spinning and long-bath 
coaxial wet-spinning. Wet-spinning of GO fibres was performed using a coagulation 
bath containing aqueous 2% (w v
-1
) calcium chloride (Ethanol/H2O: 1:5) using a 
rotary wet-spinning apparatus. The GO suspension (0.63 w v
-1
) was injected into the 
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fibers were then placed into a bath of MilliQ water containing reducing agent (L-AA) 
with the weight ratio of 3 relative to concentration of GO and heated in an oven to 80 
˚C to reduce the GO fibres to rGO. Dried fibres were obtained by washing the gel-
state fibers in MilliQ water and then air-dried under a slight tension to avoid being 
tilted when dried at room temperature. This allows us to obtain conductive fibres 
with the addition of a post treatment step. 
4.2.2.2. Coaxial Wet-spinning of Chitosan/GO and Alginate/GO 
The gel spinning precursors were prepared as described in Section 2.1.2. Using the 
same concentration of GO suspension we used earlier to make GO fibres (0.63 w v
-
1
), coaxial fibres of Alginate/GO (Alg/GO) and chitosan/GO (Chit/GO) was then 
spun into a bath containing 2% w v
-1
 CaCl2 and 1 M sodium hydroxide 
(Ethanol/H2O: 1/5), respectively. The feeding rates of 10 mL hr
-1
 and 18 mL hr
-1
 
were employed for GO and both gel precursors, respectively in order to provide 
sufficient time for the sheath component to cover the core. The coaxial wet-spinning 
process was carried out as described before in Section  2.2.1.2. The setup consists of 
two injection syringes and pumps (KDS100, KD Scientific Inc.), connected to the 
ports of the predesigned coaxial spinneret that allows for injection of two fluids, a 
coagulation bath and a stretching collector as illustrated schematically in Figure ‎4-1. 
The GO spinning solution was injected as the core component and drawn through the 
centre outlet nozzle into the coagulation bath. At once, alginate or chitosan spinning 
solution was injected as the sheath of the fibre, providing an outer casing for the GO 
core, by feeding through port A. 
 




Figure ‎4-1: A schematic of coaxial wet-spinning set up for producing Chit/GO coaxial fibres 
Hydroxyl and amino groups from chitosan can interact with oxygen-containing 
groups including hydroxyl, carbonyl and carboxyl moieties in the graphene oxide 
sheets forming hydrogen bonding as previously studied. In addition, it is suggested 
that not only amine groups can take part in reaction, also the OH, of the chitosan 
structure can play an important role.
42
 
4.2.3. Characterisations of rGO and Coaxial Fibres 
4.2.3.1. Material Parameters Characterisation 
Changes in viscosity have been recorded versus shear rate. The rheological 
properties of alginate (3% (w v
-1
)), chitosan (3% (w v
-1
)) and GO (0.63 w v
-1
) 
solutions were examined in flow mode (cone and plate method) for each sample at 
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4.2.3.2. Fourier Transform Infrared  
FTIR spectra of the chitosan and Chit/GO fibres were recorded to evaluate the 
possible reactions between core and sheath components.  FTIR spectroscopy was 
performed in KBr pellet on a Shimadzu FTIR Prestige-21 spectrometer, in the 700–
4000 cm
−1
 range with 4 cm
−1
 resolution. 
4.2.3.3. Contact Angle Measurement 
Contact angle measurement of distilled water on single fibres was conducted with a 
contact angle system OCA (dataphysics) equipped with SCA20 software. The sessile 
drop method, which there a sitting drop of water is resting on a fibre surface, was 
used at 5µL s
-1
 rate to measure advancing to the receding contact angles on already 
suspended fibres. Then, the optical tensiometer combined with dispenser is used to 
measure advancing and receding contact angles between water and fibres surface.  
4.2.3.4. Raman Spectroscopy 
Raman spectra were recorded on a Jobin Yvon Horiba HR800 Raman microscope 
using a 632 nm laser line. Individual polymer fibres were embedded in Epoxy resin 
(Epofix) at room temperature and polymerised overnight at 80˚C. The polymer 
blocks were then faced off on a Leica UC7 microtome at right angles to the fibre 
orientation using freshly prepared glass knives. This method resulted in a smooth 
block surface and relatively flat cross-sections of the individual fibres. Raman 
spectroscopy was then carried out on the fibre cross-sections. The sample preparation 
method is demonstrated in Figure ‎4-2. 
 




Figure ‎4-2: (a) embedded fibres in Epoxy resin at room temperature, 
(b) Fibre cross-sections through cut surface block 
Raman spectra were recorded on a Jobin Yvon Horiba HR800 Raman microscope 
using a 632 nm laser line and a 300-line grating to achieve a resolution of ±1 mm
-1
. 
4.2.3.5. In-vitro Cytocompatiblity Experiments 
All cell culture studies in this chapter of my thesis were performed at University of 
Wollongong, Australian Research Council Centre of Excellence by Dr. Brianna 
Thompson. After the sample preparations previously described in  2.2.1.13, the 
adhesion and proliferation on coaxial and rGO fibres were determined for two cell 
lines, a mouse fibroblast line (L-929) and a rat pheochromocytoma line commonly 





 of culture area in DMEM supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin and incubated at 37 ˚C and 5% CO2 for 3 days. After the 
culture period, L-929 cells were live/dead stained by addition of calcein/propidium 
iodide (at 1 μM calcein and 1 μg mL
-1
 propidium iodide) into media, incubating for 
15 min, then imaging with Leica DM IL LED microscope. Cell survival was assessed 
for fibroblast cells both on the fibres as well as cells growing on the tissue culture 
plastic underneath by analysis of confocal images. Live cells were calcein-stained 
(bright green) and dead cells were counted as any cell which had a brightly 
a b 
 200 µm  5 mm 
 
121 | P a g e  
 
121 





proliferation media (DMEM supplemented with 10% horse serum, 5% fetal bovine 
serum and 1% penicillin/streptomycin) and changed to differentiation media (DMEM 
supplemented with 2% hose serum and 1% penicillin/streptomycin) after 24 hrs in 
culture. The cells were allowed to differentiate for 10 days in culture (with a change 
to fresh differentiation media every 2-3 days). PC-12 cells were fixed with 3.7% 
paraformaldehyde and stained with Alexa-488 phalloidin to visualise the 
cytoskeleton. The cells were imaged using a Leica SP5 confocal microscope, with a 
Z-stack thickness of 1.8 µm and tiled images were combined to image along the 
fibre.  
4.3. Results and Discussion 
4.3.1. Optimization of Spinning Solutions  
Initial experiments involved characterisation of alginate and chitosan solutions as 
well as the GO suspension. The fibre formation is dependent on the rheological 
properties of the spinning solution as well as appropriate coagulation chemistry.
43
  
4.3.1.1. Solution Concentration 
Often there is an upper and lower limit for each material concentration during wet-
spinning facilitates spinning continuous fabrication of fibres as discussed. At low 
concentrations, there is insufficient chain entanglement for forming a fibrillar 
structure. Although, using very high concentrations of spinning solutions can lead to 
a formation of non-uniform fibres. The range of reported spinnable concentrations 









122 | P a g e  
 
122 
for low molecular weight) cannot form fibres inside aqueous alkaline bath as 
observed. Medium molecular weight chitosan in a powder form was found to be 
dissolved into an aqueous acetic acid solution not more than 5% (w v
-1
). Still the 
upper limit cannot be wet-spun in a continuous and uniform manner. The optimum 
concentration range for wet-spinning into a coagulation bath of 1M sodium 
hydroxide was found here to be 2-5% (w v
-1
). The mechanical properties enhance as 
a result of increasing the gel concentration. However, high solution viscosities due to 
the polyelectrolyte effect
28
 hinder continuous flow of the  solution into the nozzle for 
wet-spinning purposes as mentioned.  Observations also indicated that aqueous 
alginate solutions at a concentration of below 2% (w v
-1
) would not generate a 
continuous fibrous structure via wet-spinning; increasing the alginate concentration 
from 2 to 4 % (w v
-1
), the solution became highly spinnable.  Then again, at 
concentrations above 4% (w v
-1
), the solution became highly viscous and this 
impeded continuous flow through the needle, rendering the solution unspinnable. A 
concentration of 3% (w v
-1
) has been selected for both gels due to the ease of 
spinnability, together with maintaining the suitable mechanical properties for coaxial 
wet-spinning as described before in our previous study.
48
  
In another study researchers have investigated the rheological behaviour and 
spinnability of GO suspensions at concentrations ranging from 0.01 to 0.5 w v
-1
. This 
study found that two different phases exist in GO suspensions at dissimilar 
concentrations- biphasic and nematic. These phases determined the lower and upper 
thresholds which GO suspensions become spinnable.
34
 Below 0.025 w v
-1
, GO 
suspensions were in the biphasic phase, and were completely isotropic and 
unspinnable. At concentrations between 0.025 and 0.075 w v
-1
, a transition of 
biphasic to fully nematic phase is observed. As a consequence, suspensions were 
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found to have partial spinnability. This partial spinnability was characterised by the 
weak cohesion of the GO suspension upon injecting in the coagulation bath, which 
resulted in short lengths of gel-state GO fibres. Using GO concentration of ≥ 0.075 w 
v
-1
, when the fully nematic phase forms, long lengths of robust gel-state fibres could 
be wet-spun. GO concentrations from 0.075 to 0.5 w v
-1
 showed similar ease of 
spinnability.
34
 Here, to improve the mechanical properties of the fibres rather than 
leaving an unbroken core after the fibre formation, the concentration of 0.63 w v
-1
 
has been chosen. 
4.3.1.2. Solution Viscosity  
The rheological properties of the sheath spinning solution are critical to support 
formation of a core-sheath structure formation.
49
 It has previously been suggested 
that the requirements for the spinnability of the core solution are not as critical.
50
 
However, here we found that the break-up of the core was observed when the 
viscosity of the core dope was too low (≤0.3 Pa*s). Accordingly, the core fluid must 
also possess a certain minimum viscosity if it is to be entrained continuously without 
break-up. Figure ‎4-3 (a-c) relates concentration with viscosity obtained from GO at 
0.63 w v
-1
, alginate and chitosan at 3 % (w v
-1
) at different shear rates.  
 




Figure ‎4-3: The viscosity of spinning solution (a) chitosan 3% (w v-1), (b) alginate 3% (w v-1) and   
GO suspension (0.63 w v
-1





GO dispersion (0.63 w v-1) 
 
125 | P a g e  
 
125 
It can be seen that by increasing the shear rate for all solutions, the viscosity 
decreased. This means that all spinning solutions exhibited shear thinning behaviour. 
However, the viscosity of both gel precursors was significantly higher than that of 
GO suspension at all shear rates. This difference reaches ~7 and 5.5 times in the 
low shear rate regime for chitosan and alginate, respectively. The viscosity of the 3% 
(w v
-1
) chitosan spinning solution was 10.8 Pa*s, while the viscosity of 0.63 w v
-1
 
GO solution was approximately 1.5 Pa*s in low shear rates close to zero. Alginate 
solution of 3% (w v
-1
) resulted in the viscosities of approximately 8.5 Pa*s.  
Nevertheless, their viscosity of the core and sheath solutions was closer at higher 
shear rates. Considering 𝑉𝑖 for each component (10 mL hr
-1
 for GO suspension and 
18 mL hr
-1
 for alginate and chitosan solution) and outlet sectional area, the flow rate 
can be calculated for both components. While spinning, the output shear rate of 
alginate or chitosan is 48 s
-1
 and 6.81 s
-1
 for GO which is seven times more than 
GO (detailed in section ‎2.2.1.2.1.). Therefore, alginate and chitosan solution would 
have the viscosity of ~4 Pa*s during the spinning process while GO solution hold the 
viscosity of 1.35 Pa*s which was also shown in Figure  4-3. 
4.3.2. Morphology of As-prepared Fibres 
The internal microstructures of the coaxial fibres in both wet and dry states have 
been observed using LV-SEM and SEM, respectively. 
4.3.2.1. Morphological Observation in Wet-state 
Stereomicroscope and LV-SEM images of as-spun hydrated wet-spun rGO and 
coaxial Chit/GO and Alg/GO fibres are shown in Figure ‎4-4 and Figure ‎4-5, 
respectively. The coaxial fibres showed uniform and straight structures with the 
graphene oxide core loaded in the centre of fibres. Moreover, the core component in 
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Chit/GO fibres showed fast, unexpected colour change (from yellow-brown to black) 
when exposed to alkali solutions suggesting the quick deoxygenation of graphene 
oxide as reported previously.
51,52
 In addition, exposing of GO to the acidic solution 
of the sheath component (chitosan + acetic acid) could lead to the chemical reduction 
of GO resulting in higher degree of hydrogen bonding within the structure as 
discussed elsewhere.
40
 The diameters of GO, Chit/GO and Alg/GO fibres were 
~100±10 µm, ~260±30 µm and ~290±30 µm, respectively. 
 
Figure ‎4-4: Illustrative optical microscopic images of (a) rGO fibre, (b) Coaxial Chit/GO and (c) 
Alg/GO coaxial fibre in wet-state 
Fibre internal structures were also observed by LV-SEM in their wet-state. The 
micrographs are shown in Figure ‎4-5. Compositional analysis of the cross-sections 
of Chit/GO fibre was also carried out to detect a higher contrast between areas with 
different chemical compositions. In other words, composition determines the 
image contrast in a compositional image. Heavy elements (high atomic number) 
backscatter electrons more strongly than light elements (low atomic number), and 
thus appear brighter in the image. Therefore, backscattered electrons emitted from a 
sample could be captured which accounts for different types of information regarding 
















Figure ‎4-5: Representative LV-SEM micrographs of (a) hydrated rGO fibres, (b) higher 
magnification of rGO (c) cross-section of coaxial Chit/GO fibre, higher magnification of 
Chit/GO interface in coaxial  fibres, (e) cross-section of coaxial Chit/GO fibre in compositional 
mode, (f) layered morphology of graphene core with dentate bends in wet-state, (g) cross-section 
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In the rGO fibres, the cross-sectional areas are not perfectly circular. This 
phenomenon has also been reported for GO fibres elsewhere.54,55 In contrast, the 
cross-section of coaxial fibres (Figure  4-5 (c)) hold the round shape of the extrusion 
tip much more closely. It can be seen that two materials (chitosan and GO) attached 
entirely together. The chitosan sheath looks porous and spongy under LV-SEM, 
while the surface of graphene appears to shows quite dense structure with “dentate 
bends”, which is similar to the sheet-like section structures of the pitch-based carbon 
fibres.
54
 These dentate bends could originate from the orientational declinations 
(points or lines) in the spinning dopes
54
 which usually formed during the dehydration 
of the gel fibres.
56
 
In contrast, GO appeared to blend with the alginate fibre component while spinning. 
This is why we ended up creating a nearly hollow fibre of Alg/GO. GO contains 
negative charge carriers on the edge of its chemical structure mainly in the form of 
hydroxyl, carbonyl and carboxyl functional groups as depicted schematically in 
Figure ‎4-6.57 Sodium alginate [being R−COO-Na+, the salt of a carboxylic acid, 
CH3COOH] is also negatively charged. Lack of any chemical reactions between GO 
and alginate along with low viscosity of GO (1.5 Pa*s) due to its non-polymeric 
nature compared to alginate (8.5 Pa*s) can lead to blending of these components. 
 




Figure ‎4-6: Schematic representation of the functional groups on the edge of GO structure 
4.3.2.2. Morphology of As-prepared Fibres in Dry-state 
Cross-sections of dehydrated rGO and reduced Chit/GO fibres were imaged with 
SEM as indicated in Figure ‎4-7. It can be seen from SEM images that rGO fibres 
appear much more uniform in shape than in the hydrated state (Figure  4-7 (a)). As 
observed in LV-SEM micrographs previously, cross-sections of Chit/GO fibres in 
SEM micrographs clearly show the layered dense structure of graphene sheets which 
is surrounded by a thick porous chitosan sheath (~25µm) in coaxial fibres 
(Figure  4-7(c)). The coaxial fibres were also sufficiently flexible and tough to tie into 
knots (Figure  4-7 (e)). GO and rGO fibres could not be tied into tight knots without 
breaking, although the morphology of them have previously been reported to be 
dense and pore-free.  
 




Figure ‎4-7: Cross sections of (a) rGO fibre, (b) higher magnification of rGO fibre, (c) coaxial 
Chit/GO fibre, (d) surface of Chit/GO oxide fibre and (e) tied coaxial fibre and (f) brittle rGO 
fibre 
4.3.3. FTIR Spectroscopy Results 
FTIR spectroscopy was used to evaluate the possible chemical reactions between 
chitosan and GO as they exposed to each other. Consequently, Figure ‎4-8 shows the 
resulting FTIR spectra of chitosan and Chit/GO fibre.  
 




Figure ‎4-8 : FTIR spectra of chitosan and Chit/GO showing the possible chemical reactions 
between those 
Pure chitosan displayed characteristic absorption bands at 3352, 2878 cm
-1
, attributed 
to the -OH and -CH3 groups as expected.
58
 Furthermore, bands were identified at 
1590 and 1404 cm
-1
 typical of the N-H group bending vibration and vibrations of -
OH group of the primary alcoholic group, respectively. The bands at 1320 and 1077 
cm
-1
 correspond to the stretching of C-O-N and C-O groups.
59
 The band 
corresponding to free acetic acid (1706 cm
-1
) was not identified. Interestingly, 
Chit/GO showed different peak intensities from pure chitosan, supporting the theory 
of creation of a hydrogen bonding between hydroxyl and amino groups from 
chitosan and oxygen-containing groups including hydroxyl, carbonyl and carboxyl 
moieties in the graphene oxide. Subsequently, a dramatic decrease in intensity of the 
–OH stretching vibration (at 3221 cm
-1
) of chitosan might be due to the reaction of 
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assigned to the N-H bending of NH2 groups were disappeared in Chit/GO sample 
followed by the emergence of  peaks at 1038 cm-1 which corresponds to the 
absorbance of glucosidic bond, stretching vibration from C=O of –NHCO.
60
 
Significant decreasing in the intensities of O-H and N-H groups followed by 
formation of the new peak of C=O together with the Raman spectra results could 
prove the possible formation of a hydrogen bonding between chitosan and GO. Thus, 
not only amine groups can take part in the reaction, but also the OH, of the chitosan 
can play an important role.
42
 It is also worth noting that the noticeable peak at 2380 
cm
-1
 was due to detection of CO2 gas known as the error of the device which could 
not be even removed by purging the interferometer with N2 gas at a low flow rate for 
2-3 minutes and performing a background before the test.
61
 
4.3.4. Mechanical and Electrical Properties 
Stress-strain curves were obtained for rGO, GO, chitosan and Chit/GO fibres to 
examine their mechanical properties. These properties tested at room temperature 
and the average of the four specimens tested is given in Table ‎4-1. A comparison of 
the mechanical properties of coaxial Chit/GO, chitosan and rGO fibres are also 
shown in Figure ‎4-9.  
 




Figure ‎4-9: Stress-strain curves obtained from uniaxial tensile test on chitosan and coaxial 
Chit/GO fibres. Inset; Stress-strain curves obtained from uniaxial tensile test on rGO fibres 
Table ‎4-1: Mechanical properties and conductivity results of GO, rGO, chitosan and Chit/GO 
fibres 
Fibre Name Young’s Modulus 
(GPa) 
Stress at Break 
 (MPa) 






GO 0.29±0.1 ~3.2±2 1.5±0.1 19 ±0.1 
rGO 0.34±0.1 ~3.5±3 1.3±0.05 48± 0.48 
Chitosan 10.6±0.2 ~272.3±1 8.05±0.21 - 
Reduced Chit/GO 9.7±0.5 ~257±5.2 3.1±0.08 - 
Stress–strain curves obtained from as-spun rGO and coaxial Chit/GO fibres show a 
significant increase in robustness of the latter. Young’s moduli of these rGO fibres 
were shown to be ∼0.29 and ∼0.34 GPa for GO and rGO fibres, respectively. These 
data values were enhanced about 33 times up to ~10.6 GPa for the coaxial fibres 
which showed similar ultimate stress values to chitosan fibres but less elongation at 
break.  Analysis of these curves also indicated a stress at break of ∼157 MPa with 
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∼3.1 % strain for coaxial fibres compared with only ∼3.2 MPa and 3.5 MPa stress 
with ∼1.5% and ∼1.3% strain for GO and rGO fibres, respectively. In other words, 
there is a loss of ∼5% of tensile strain in hybrid fibres which makes the value close 
to that of GO fibre and a gain of ∼86% of ultimate tensile stress in the coaxial fibre. 
The high ultimate tensile stress achieved by coaxial fibres could be explained by the 
creation of strong homogenous interfacial connection between chitosan and graphene 
oxide which causes efficient stress transfer when strain is applied on a tensile 
specimen. Furthermore, it is observed from the curve that the facture of both 
components happened at one step in coaxial fibres. The coaxial fibre showed a 
fracture in the elastic regime, while chitosan fibres revealed plastic deformation prior 
to fracture. This elastic deformation known as a “brittle fracture” has been also 
observed for GO and rGO fibres. Thus, lowering the elongation at break in coaxial 
fibres compared to that of chitosan fibres might be the result of strong interfacial 
adhesion between chitosan and GO due to the hydrogen bonding. Consequently, both 
chitosan and Chit/GO fibres were also able to withstand higher stresses before 
reaching fracture. These brittleness performances of rGO fibres compared to the 
ductile nature of Chit/GO fibres was also observed later on in biological experiments. 
These data were calculated assuming that the cross-sectional area was circle with a 
diameter equal to the longest width (widest diameter) of the irregular fibre. 
Electrical conductivity of graphene fibres (GO and rGO) was also determined. As 
mentioned previously, because of the presence of an insulating chitosan layer as the 
sheath in coaxial fibres it was not possible to measure the conductivity through 4-
point probe method. The average electrical conductivity of undrawn GO fibres was 
measured to be ∼19 S m-1 which was improved more than 2.5 times to ∼48 S m-1 for 
rGO fibres. 
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4.3.5. Surface Wettability of As-spun Fibres 
Drop shape analysis is a convenient way to measure contact angles and thereby 
determine surface wettability. The quantitative measurement of liquid-solid 
interaction is the contact angle (𝜃), made by a water droplet placed against a solid. 
The contact angle may be related to the surface energies (𝛾)s of the three interface by 
Young’s equation (
𝒔𝒗
− 𝜸𝒔𝒍 = 𝒍𝒗 𝒄𝒐𝒔 𝜽), where 𝑠𝑣 is the surface free energy of the 
solid fibre in contact with air, 𝛾𝑠𝑙 is the surface free energy of the solid fibre covered 
with water, 
𝑙𝑣
 is the surface free energy of the water-air interface and θ is the contact 
angle. As it appears in Figure ‎4-10, the coaxial fibres can be defined as hydrophilic, 
as the contact angle are ~45˚ (<90˚). However, the contact angles indicated to be 
increased to 72˚ and 112˚ in chitosan and rGO fibres, respectively which are 
described as a more hydrophobic behaviour. It is worth mentioning that GO fibres 
showed almost similar  values as that of GO fibres (110º). Surface free energy is 
one of the key parameters that guides the first events occurring at the 
biomaterial/biological interface.
62
 Therefore, the hydrophilic nature of coaxial 
Chit/GO fibre surface suggests that they may have potentially better interactions with 
biological cells. 
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4.3.6. Cyclic Voltammetry  
CV curves of as-prepared coaxial fibres have been achieved to evaluate the EC 
properties of rGO and reduced Chit/GO fibres. The current measured is proportional 
to the number of sites that can be reduced or oxidized at a given potential, and this 
quantity depends not only on the chemical composition of the polymer but also on 
structural factors such as conjugation length and local order. Thus, they could be 
potentially used as an accurate tool to identify a given polymer type. CV for rGO and 
reduced Chit/GO fibres is shown in Figure ‎4-11 (a-b) in two aqueous electrolytes, 
PBS and aq. 1 M NaCl.  To make a connection to the reduced graphene core of the 
fibres, a cotton-steel wire with the average diameter of 20 µm was inserted into the 
fibre core while spinning (detailed and schematically showed in section  2.2.1.11.1). 
The applied scan rate () was 50 mV s
-1
 and 40 cycles were performed.  
 
 




Figure ‎4-11: Cyclic voltammograms of (a) rGO and (b) Chit/GO fibres; potential was scanned 
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The transfer of electrons from/to graphene to/from molecules is related to the amount 
of defects, functional groups, and impurities present on graphene. In addition, GO 
prepared by different preparation methods also exhibits different reduction 
potentials, which might be related to the oxidizing agent used in the preparation. The 
EC performance of individual rGO fibres have been previously studied in a three-
electrode cell using different electrolytes. Zhou et al. reported of wide EC potential 
window of graphene electrodes in 0.1 M PBS.
63
 Graphene has been also reported as 
an active material for electrodes in supercapacitors exhibiting superior performance 
in regards to specific capacitance; for example, bioinspired solvated graphene
64
 
based supercapacitors gave about 215 F g
-1
, while chemically modified graphene 




 Looking at the Figure 4-9 (a), compared with the quite 
distorted shape of the CV curves of rGO fibres in PBS solution, those of the 
responses in 1 M NaCl were much closer to the quasi-rectangular shape, indicating 
the faster representative of good EC performance. The fibres showed the specific 
capacitance of 38±0.65 F g
-1
 of and 31.7±1.5 F g
-1
 of fibres at a  of 50 mV s
-1
 in 
PBS and aqueous 1 M NaCl solutions, respectively (Calculations for specific 
capacitance per electrode were performed as explained previously in 
section  2.2.1.11).  
Reasonable electroactivity is observed in CV results from coaxial fibres. The curves 
showed a rectangular shape as observed in Figure 4-9 (b) which is typically 
displayed by graphene, implying pure electric double layer capacitive behaviour.
66
 
This result accompanied by the fast, unexpected colour change of  the core material 
confirms the quick deoxygenation of graphene oxide in the core when exposed to  
strong alkali solutions at moderate temperatures which was also previously 
studied.
51,52
 The underlying reduction mechanism in alkaline baths is still unclear. 
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However, it is possible that oxidative debris, which mainly comprises a mixture of 
complex aromatic structures containing COH-rich functional groups, is stripped from 
graphene oxide under alkaline conditions.
34
 Additionally, the stability of EC 
performance of coaxial fibres is evidenced by negligible EC changes after 40 cycles 
in both media as shown in Figure ‎4-12 (a) and (b). 
 
Figure ‎4-12: The Cyclic voltammograms of Chit/GO oxide fibres before and after 40 cycles in 
(a) PBS electrolyte and (b) 1 M aqueous NaCl solution at 50 mVs-1 ; potential was scanned 
between -0.4 V and +0.3 (vs. Ag/AgCl) 
The specific capacitance, or the ability of the structure to store electrical charge, was 
also determined for Chit/GO fibres based on CV results in two aqueous media. 
Herein, 1.2 cm of the coaxial fibre was inserted into the electrolyte medium which 
contains ca. 2.8 mg of the conducting element (rGO). It was found that the coaxial 
fibre has more specific capacitance in aq. 1 M NaCl solution compared to PBS 
solution. That might be due to the higher ion exchange rate in 1 M NaCl mainly due 
to the fact that NaCl medium only contains chloride ions, known as univalent small 





could be easily inserted into or expelled from the fibres and participate more actively 
in the redox reaction, while PBS electrolyte contains high amounts of large 
counterions such as H2PO4
-
 which could retard the ion migration. Chit/GO fibres 
a b 
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have specific capacitances of 22.2±1.1 F g
-1
 and 27.8±1.5 F g
-1
 of fibres in PBS and 
aqueous 1 M NaCl solutions, respectively. These performances are significantly 
lower than those of measured for rGO fibres. This might be due to the harder access 
of the counterions to the conductive core since it has been covered with the 
insulating hydrogel. The electroactivity observed in these fibres suggests that they 
might find  application as biosensors, bio-batteries and electrodes as well as 
stimulation of cells  and smart drug release studies as previously shown for fibres 
from graphene and conducting polymers.
24,67–70
  
4.3.7. Raman Spectroscopy Results 
Raman spectroscopy was performed on the fibre cross-section as the most direct and 
non-destructive technique to investigate the significant structural changes including 
defects, ordered and disordered structure of graphene (C-C bonds are Raman-active 
bonds) occurring during the chemical reduction. The two distinct peaks at 1341–50 
and 1572–79 cm
-1
 assigned to D and G bands and are related to disorder and 
graphitic order, respectively.
71
 It is known that the G band indicates graphite carbon 
structure (sp
2
), whereas the D band is typically an indication of disorder in the 
Raman spectrum of carbon materials.
72,73
 .The normalised Raman spectra for rGO, 
Chit/GO and reduced Chit/GO fibres is shown in Figure ‎4-13.
 
 




Figure ‎4-13: Raman spectra from Chit/GO, reduced Chit/GO and rGO fibres 
The normalised ratio of the D-peak to the G-peak (ID/IG) observed in the Raman 
spectra for Chit/GO, reduced Chit/GO and rGO fibres are presented in Table ‎4-2. 
Table ‎4-2: ID/IG as observed in the Raman spectra for Chit/GO, reduced Chit/GO and rGO 
fibres 
Sample Name ID IG ID/IG 
rGO fibre 94.58619 210.39275 0.449 
Chit/GO fibre 402.00418 496.02519 0.811 
Reduced Chit/GO fibre 321.18929 707.56676 0.454 
As indicated, Raman spectra show reduction on the intensity ratio of ID/IG for 
Chit/GO fibre before and after the chemical reduction from 0.81 to 0.45. There could 
be seen a small shift of the D peak position comparing coaxial fibres before and after 
the reduction process as well. Moreover, according to the Table 4-2, ID/IG after the 
reduction process showed similar values to that of rGO fibres. ID/IG is known to be 
2D 
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 and it is increased with oxidation, 
showing an increment in the number of defect sites. Therefore, our results indicate 
that the average size of sp
2
 domains has changed significantly after chemical 
reduction as the intensity ratio of ID/IG is decreased. The reduction of ID/IG might also 





is reasonable that thermal and chemical reduction can remove the functional groups 
from GO; thus, the exfoliation of GO is inevitable during the reduction and these 
factors make the sp
2
 domain size of GO to be changed after reduction. Kang et al. 
also reported that ID/IG  ratio has decreased after thermal reduction of GO at 200 ºC 
which appeared to be more effective in restoring electrical conductivity than 
chemical treatment.
76
 Also noticeable is the shoulder in the G band centred at 1609 
cm
-1
 corresponds to the 2D band, commonly associated to disorder in graphite. Some 
of the previous researches reported on the decrease of ID/IG ratio as a result of 
deoxygenation of GO.  However, 2D band is normally ignored on the studies of GO 
and rGO because of the weak intensity.
76,77
 Some other researchers, on the other 
hand, such as Ferrari et al. proposed that GO is in an amorphous state and that a 
graphite-like state is only recovered after reduction, implying that the ID/IG ratio 
cannot be directly compared  between the two states.
78
  
4.3.8. In-vitro Bioactivity Experiments 
The proportion of live cells was seen to be very high on both rGO and coaxial fibres, 
and on the underlying cells growing on tissue culture plastic, with all cell populations 
showing greater than 99% viability (Figure  4-14(a)). This was an indication that the 
fibres did not release any chemicals that caused cell death. The density of cells 
growing on the fibre surfaces was lower than that observed on the underlying cell 
bed by nearly a factor of three (Figure ‎4-14 (b)), suggested that the surface properties 
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of the fibres were less optimal for cell adhesion and/or proliferation than the glass 
microscope slide surface, with no difference observed for the cell density on the rGO 
compared to the coaxial fibres. It is also worth noting that the fibres were quite 
floating in the media and it was hard to get the cells to stay on them, despite it was 
tried to weight them down in the dish with cell crowns.  However, cells were 
observed to adhere, and the density of cells on the fibres increased overtime, which 
together with the high cell viability indicates that the fibres were capable of 
supporting cell adhesion and proliferation. L-929 morphology on the fibres was 
typical of L-929 cells, showing good adhesion to both the rGO and coaxial fibres 
(Figure ‎4-14 (c) and (d)).  
 
Figure ‎4-14: Cell viability (a) and cell density (b) quantified from images of live/dead stained L-
929 cells grown on coaxial (c) and rGO (d) fibres and cell population growing on the underlying 
microscope slide. Values in (a) and (b) obtained by image analysis represent the average of at 
least‎20‎images‎(900‎x‎900‎μm‎each),‎or‎at‎least‎50‎mm‎of‎fibre‎length,‎and‎error‎bars‎show‎one‎
standard deviation of the mean. Scale bars in (c) and (d) represent 200 µm 
In addition, rGO fibres seemed to be quite fragile for being imaged by confocal 
microscope (as shown in SEM images in Section ‎4.3.2.2 and discussed in mechanical 
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properties in ‎4.3.4, too), while Chit/GO fibres seemed to display suitable mechanical 
properties, also in wet-state (Figure ‎4-15).  
 
Figure ‎4-15: Confocal microscopy image showing cell attachment on the surface of coaxial fibre 
along its length 
The adhesion of less-robust PC-12 cells was lower than L-929 cells, however no 
collagen or adhesion molecules were used (often used in PC-12 studies to promote 
adhesion).
79,80
 PC-12 cells were able to undergo some degree of NGF-induced 
differentiation on both fibres, as shown by the presence of the neurite projections in 
Figure ‎4-16. However, for the long period of differentiation (10 days, compared to 
3-5 often used for PC-12 studies),
81,82
 the neurite lengths are shorter than expected, 
and no extensive network formation was observed. It was expected that the aligned 
wrinkled morphology observed on the exterior of the fibres (Figure ‎4-16 (a)) may 
align neurite outgrowth, and this was observed somewhat on both the rGO and 
coaxial fibres, however the effect was not significant, with non-aligned neurites 
observed as frequently as aligned neurites. Overall, the fibres supported the adhesion 
and differentiation of the neural model cell line; however the fibres likely require 
some optimisation for a neural application. 
 




Figure ‎4-16: Differentiated neural cell line (PC-12 cells) on (a) coaxial and (b) reduced graphene 
oxide fibres, showing small degree of differentiation (neurites indicated by arrows) 
4.4. Conclusion 
A one-step wet-spinning process enabled the formation of electroactive coaxial fibres 
using chitosan and LC GO for the first time. These fibres revealed to have a unique 
combination of cytocompatiblity, electrical conductivity and acceptable range of 
mechanical properties through several characterisation methods. Drawn Chit/GO 
fibres indicated the resultant mechanical strength of ~257MPa, and the modulus was 
found to be ~10.7 GPa which is much higher comparing to the rGO fibres. The 
Redox properties of the bulk material were shown by cyclic voltammetry. Two cell 
type behaviours have been also investigated on rGO and Chit/GO fibres. For both 
cell lines, the response was very similar on the coaxial fibres and the rGO fibres. 
Cells showed to adhere to the fibre surfaces and greater than 99% viability. The 
results presented here imply that these fibres hold a great promise in applications 
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Chapter 5 
5. DEVELOPMENT OF ONE-DIMENSIONAL 









































Technological improvements in the development of smaller and lighter smart multi-
functional structures have enabled the fabrication of many miniaturized portable 
electronic devices in recent years. The integration of these organo-electronic 
components into common textile structures could facilitate free and easy access 
while allowing a number of smart functionalities such as signalling, sensing, 
actuating, energy storage or information processing.
1
 Fabrics provide a very practical 
basis to work with since they can be easily shaped into the human body form as well 
as providing easy access to the electronic equipment embedded within.
2
 This ease-of-
use solution, known as electronic textiles (E-textiles) or smart textiles, was first 
introduced in the early 1990s.
3
 The significance of this research is the 
interdisciplinary approach that it requires; covering textile design, chemistry, 
materials science and computer science. Wearable batteries or power supplies are 
one of the more recent applications which could clearly benefit from this 
transformational trend. Implantable medical devices such as pacemakers, 
microstimulators and drug delivery microchips could be a potentially lucrative target 
market for these power sources since they need to meet strict clinical and 
dimensional constraints.
4
 Unlike conventional batteries such as lithium cell, nuclear 
cell or bio-fuel cell types, which are typically made of rigid materials; so-called one-
dimensional (1D) wearable batteries offer flexibility as well as low device weight. 
Combining solution-processable conductive materials such as conducting polymers 
and graphene with fabrication methods including printing and spinning has enabled 
the preparation of mechanically flexible, inexpensive and light-weight battery 
systems that are customizable.
5–7
 A numbers of approaches have been employed to 
develop non-bulky batteries. Previous attempts have focussed on the fabrication of 
 





 or development of flexible paper-like films  as 
electrodes for use in lithium-ion batteries.
9–11
 In addition to this, novel fabrication 
methods have been applied to incorporate the battery components all into one single 
continuous unit, eliminating the need for packaging.
4
  
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is the 
polymer of choice when intrinsic properties such as ease of processibility, thermal 
and atmospheric stability, good optical transmission and high conductivity are 
considered.
12–14
 Among the most significant of these properties is its water solubility 
and ease of use in wet-spinning.
15,16
  This has enabled the use of PEDOT:PSS in 






   Some 
research groups have also attempted to fabricate wet-spun PEDOT:PSS fibres for a 
wide range of use in applications such as chemical sensors, energy storage electrodes 
and actuators.
12,15,22
 Okuzaki and Ishihara reported the first preparation of 





 Shortly thereafter, they fabricated highly conducting PEDOT:PSS 
microfibres with 5 mm diameter and a 2–6 fold increase in electrical conductivity up 
to 467 Scm
-1
 via wet- spinning followed by ethylene glycol post-treatment.
15
 Later 
on, Jalili et al. simplified the method to a one-step process and prepared continuous 
microfibres by employing a wet-spinning formulation consisting of an aqueous blend 
of PEDOT:PSS and poly (ethylene glycol) eliminating the need for post-spinning 





 Recently, highly stretchable PU/PEDOT:PSS fibres have been prepared 
which have shown  suitable properties that allow knitting of various textile structures 
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In this study, chitosan and alginate were chosen as the core material within fibres 







wet. Both biopolymers have aroused a great deal of interest for their potential in 
industrial, clinical (approved by FDA) and biological applications.
23–28
  
PPy is also of particular interest since it is simple to prepare, has reasonable stability 
in the oxidised state, and has high electrical conductivity and strong adhesion to 
different substrates. Not surprisingly, PPy has already found applications in a wide 
variety of areas such as rechargeable lithium batteries,
29,30
 tissue engineering 
applications
31,32
 as well as drug delivery systems
33,34
 and organic compound 
detection.
35,36
 However, PPy prepared by conventional methods is insoluble in most 
organic solvents
37,38
 owing to the presence of strong interchain interactions and a 
rigid structure. The poor processability of PPy has motivated research into 





 of pyrrole monomer onto various substrates and 
matrices.
39
 Direct deposition techniques offer the advantage of applying the 
conducting material directly onto an electrode surface eliminating issues regarding 
adhesion of battery layers. CVD, which was employed in this research, is a well-
established technique in which a monomer is introduced onto an oxidant-coated 
substrate in vapour form (discussed in detail previously in section 1.3.1.2.2.2 - cross-
reference later on). The CVD method provides a level of control over conducting 
polymer film thickness, uniformity and density resulting in higher conductivities. 
45
  
Wet-spinning techniques have been at the centre of attention for years for fabrication 
of different kinds of fibrillar electroactive electrodes. However, several key factors 
must be taken into account in designing a high performance fibre-based bio-battery. 
Practical considerations for the actual fabrication of a device involve selection of the 
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right materials with suitable viscosities and surface charges, proper coagulation 
processes, appropriate rates of both spinning and drawing ratios for coaxial spinning, 
as well as accurate experimental conditions for CVD of the selected polymer. Battery 
performance also needs to be monitored and regulated carefully. High ionic 
conductivity and well-controlled microporosity are crucial factors in the selection of 
a separator to provide optimal electrolyte uptake and rapid transfer of ions between 
two terminals. There would also be a necessity for both electrodes to show high 
electrical conductivity, high stability and large potential windows.  
Here, with the final aim of producing compact thin fibres for a potential battery 
structure, a facile methodology using a coaxial wet-spinning approach followed by 
CVD has been established. Using this approach, unlimited lengths of fibre batteries 
are achievable, where all the battery elements are integrated into one unified 
structure. Once produced, these fabricated fibre batteries may be easily incorporated 
into a textile form using knitting or braiding techniques. This study initially explores 
the conditions necessary to achieve optimal properties in core-sheath fibres produced 
via a one-step spinning process along with their characterisation in terms of 
morphological, mechanical and electrochemical properties. Secondly, pyrrole was 
then incorporated as a third layer onto the coaxial fibres to complete the triaxial fibre 
battery structure. Finally, performances of the hydrogel electrolytes, as well as the 
EC properties of the conductor, are investigated. 
5.2. Experimental 
5.2.1. Materials  
Iron (III) p-toluenesulfonate hexahydrate (FepTS) (Clevios C-B 40 V2) was obtained 
from Heraeus Technology Company (Germany) and used as an oxidant as supplied. 
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PEDOT:PSS pellets were purchased from Agfa (Orgacon dry, Lot A6 0000 AC), 
and PEG with a molecular weight of 2000 g mol
− 1
 was purchased from Fluka 
Analytical. Sterile filters of 5 µm were supplied from EASYstrainer
TM
. Sodium and 
lithium chloride salts, NaCl and LiCl respectively, were also sourced from Sigma-
Aldrich Co. LLC (Australia). 
5.2.2. Dispersion Preparation 
For the purpose of coaxial spinning, chitosan and alginate solutions were prepared 
such that the final concentrations of both were 3% W v
-1 
as described previously 
in  2.1.2. Aqueous dispersions of PEDOT:PSS (with and without the addition of PEG) 
were subsequently prepared as explained in Section  2.1.4. 
5.2.3. Coaxial Wet-spinning of Chit-PEDOT and Alg-PEDOT 
Core-sheath fibres were successfully spun using a coaxial spinneret as explained 
in  2.2.1.2. PEDOT:PSS dispersions (with and without PEG) were injected through 
port B and extruded through the centre outlet nozzle into the appropriate coagulation 
bath. Simultaneously, either alginate or chitosan were extruded as the sheath of the 
fibre, providing an outer casing for the core, by injection through port A which 
facilitates extrusion through the outer segment of the spinneret nozzle. Coaxial fibres 
of chitosan-PEDOT:PSS (with or without PEG) and alginate-PEDOT:PSS (+PEG) 
(abbreviated respectively as Chit-PEDOT and Alg-PEDOT, for ease of use) were 
spun into a bath of 1M aqueous NaOH (Ethanol/H2O: 1/5) for Chit-PEDOT and 2% 
w v
-1
 CaCl2 for Alg-PEDOT, respectively. The applied injection rate used for 
PEDOT:PSS dispersion was 15 mL hr
-1
 and 28 mL hr
-1
 for either chitosan or alginate 
solution in order to provide sufficient time to cover the core material. It is worth 
noting that injection rates of 20 and 25 mL hr-1 were tested initially for both alginate 
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and chitosan solutions while the injection rate of core material was kept at 15 mL hr
-1
 
(the lowest rate at which a continuous filling of the core could be obtained). 
However, at this rate it seemed that the sheath formed was not thick enough to hold 
the core material in place. 28 mL hr
-1
 was determined to be the optimum rate for the 
sheath component injection resulting in the thinnest sheath that was still capable of 
supporting the core material structure. Once the sheath components were coagulated, 
the fibres were then transferred into an isopropanol bath for post-treatment. After 
that, they were soaked in a graded series consisting of 80/20, 60/40, 40/60, 20/80, 
and 0/100 ISP/MilliQ water mixtures gradually over 24 hrs as a washing step. This 
post-treatment procedure is a useful step in helping to lock the core component in 
place. 
In an acidic medium, chitosan amino groups are positively charged and can 
thus react with the “free” negatively charged polystyrene sulphonate acid (PSS) 
groups of PEDOT:PSS, according to the polyionic complexation coagulation 
strategy,
46
 to create hydrogen bonding at the interface between the core and the 
sheath in a coaxial fibre.
47
 The electrostatic absorption between PEDOT:PSS and 
chitosan is shown in Figure ‎5-1. 
 
Figure ‎5-1: The electrostatic absorption between PEDOT: PSS and chitosan 
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] is negatively charged as noted 
earlier.
48
 This will lead to repulsive effects when carboxyl groups of alginate are 
placed in the vicinity of the PSS groups of PEDOT: PSS. This prediction was 
confirmed in later parts of the study by looking at LV-SEM images.  
5.2.4. Polymerisation of Pyrrole 
The CVD method was used to coat the coaxial fibre with PPy and create triaxial 
electroactive fibres. Coaxial fibres of Chit/PEDOT were then soaked with oxidant 
solutions until the oxidizing agent could be fully absorbed into the fibre surface. 
After oxidant impregnation, the fibres were then dried at 80 ºC resulting in a colour 
change from yellow to orange yellow which is an indication of solvent evaporation 
and activation of the oxidant. The oxidant-enriched fibres were then placed in a 
closed reactor chamber and exposed to pyrrole. The pyrrole monomer vapour was 
generated by heating liquid distilled pyrrole at 70°C while the monomer container 
was placed in the vicinity of the fibres. Exposure of oxidant-enriched fibres to the 
atmosphere containing the pyrrole monomer, the spontaneously initiated the  
polymerization reaction. There was a visible, rapid colour change from orange to 
black as the fibres were coated with a dark layer of PPy polymer. Finally, the coated 
fibres were rinsed several times with ethanol in order to remove any unreacted 
monomer, by-products and Fe (III) salts. The same protocol was applied to the 
production of triaxial fibres of PPy-Alg-PEDOT (+PEG) fibres without success.  It 
appears that the polymerisation of pyrrole could not be initiated on the surface of the 
alginate as observed previously for chitosan. The reasons for this observation are 
investigated in more detail in the section  5.3.1.3.2. 
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5.2.5. Fourier Transform Infrared 
FTIR spectra of the sodium alginate and alginate treated with FepTS were recorded 
to evaluate the possible reactions between alginate and the oxidant.  This experiment 
would clearly show why pyrrole polymerisation will not occur on the surface of 
alginate.  FTIR spectroscopy was performed in a KBr pellet on a Shimadzu FTIR 
Prestige-21 spectrometer, in the 700–4000 cm
−1




5.2.6.1. Characterisations of Spinning Solutions 
5.2.6.1.1. Rheological Measurement 
There are upper and lower practical limits which need to be considered in terms of  
suitable polymer concentrations for wet-spinning applications depending on the type 
of polymer as discussed in section  3.3.1.
49
 In addition to this, viscosity is regarded as 
the primary criterion for the selection of suitable concentrations of materials for the 
purpose of coaxial spinning. Thus, an understanding of the rheological properties of 
spinning solutions is essential to determine the optimum conditions required for the 
spinning process. Changes in viscosity have been recorded versus shear rate. The 
rheological properties of chitosan (3% w v
-1
), alginate (3% w v
-1
) (with and without 
NaCl) and PEDOT:PSS (3% w v
-1
) (with and without PEG) solutions were examined 
in flow mode (cone and plate method) by Rheometer- AR G2 (TA Instruments, 
USA).  Changes in shear viscosity were also investigated for each sample (in 
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5.2.6.1.2. Impedance Behaviour of Chitosan and Alginate Hydrogels 
The electrical impedance behaviour of hydrogel samples (width = 5 mm, height = 6 
mm) was measured using a custom-built impedance set-up, described elsewhere.
50
 In 
brief, an oscilloscope (Agilent U2701A) and waveform generator (Agilent U2761A) 
were used to apply a range of frequencies at a peak-to-peak a.c. voltage of 0.8V, 
while measuring the voltage drop across a known resistor (10 kΩ) and the unknown 
hydrogel sample. The current was calculated across the known resistor and this was 
then used to calculate impedance behaviour of the hydrogel samples as a function of 
frequency. Hydrogel samples tested varied in length (l) between 0.5 and 2.5 cm and 
were contacted at each end with reticulated vitreous carbon (RVC, ERG Aerospace, 
20 pores per inch), as shown in Figure ‎5-2. 
 
Figure ‎5-2: Hydrogel sample holder containing 5 channels varying in length between RVC 
electrodes from 0.5 to 2.5cm (height, 6 mm; channel width, 5 mm) 
The RVC acted as a medium for contact between the hard electrodes and soft gels. 











+ 𝑹𝑪               Equation ‎5-1 
Where 𝑍𝐼 is the frequency-independent impedance, 𝑅𝐶  is the contact resistance and 
𝐴𝐶  is the cross-sectional area of the sample. 
5.2.6.2. Characterisation of Fibres  
5.2.6.2.1. Scanning Electron Microscopy/ Energy-dispersive X-ray 
Spectroscopy (SEM/EDS) 
The morphological properties of the dried fibres were observed using a JEOL JSM-
7500 FESEM, as described in Section  2.2.1.6. Compositional analysis of the cross-
sections of Chit/PEDOT(+PEG) and Alg/PEDOT(+PEG) coaxial fibres was then 
carried out using a Bruker X-Flash 4010 EDS system, fitted with a 10mm
2
 SD 
detector (127eV resolution) equipped with Esprit 1.9 microanalysis software. This 
allowed us a better understanding of where the core and sheath components were 
locally dispersed by creating an elemental distribution map of the cross-section 
surface. 
5.2.6.2.2. Cyclic Voltammetry (CV) 
Electrochemical properties of as-prepared fibres were investigated via the use of 
cyclic voltammetry as explained previously in Section  2.2.1.11. The experiment was 
performed on Chit/PEDOT (+PEG) and Alg/PEDOT (+PEG) fibres in aqueous and 
organic media of phosphate buffered saline (PBS) and 0.1 M tetrabutylammonium 
bromide (TBABF4), respectively. A three-electrode cell was used to study the 
electrochemical behaviour of the coaxial fibres. A steel wire with a diameter of ~25 
µm was inserted into the fibre core while spinning to make the electrical connection 
to the core of the fibres.  CV measurements were carried out using an E-Corder 401 
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interface and a potentiostat (EDAQ) in deoxygenated PBS and 0.1 M TBABF4 in 
acetonitrile using a Ag/Ag
+
 reference electrode and a Pt mesh auxiliary electrode. 
Fibres showed sufficient stability in both solutions. The applied  was 10 mV s
-1
 and 
50 cycles were performed.   
5.2.6.2.3. In-vitro Experiments with Living Cells 
The cytotoxicity of the coaxial fibres and their cytocompatiblity for cell proliferation 
were determined with the use of a primary myoblast muscle cell line (Rosa, kindly 
donated by Prof. Robert Kapsa, St. Vincent’s Hospital, Victoria, Australia) by 
Rodrigo Lozano.  
Cell adhesion and proliferation on both Alg-PEDOT (+PEG) and Chit-PEDOT 
(+PEG) coaxial fibres was evaluated without the addition of any extra-cellular 
matrices to the fibres. Prior to the use of fibres in the cell culture experiments, 30 
mm lengths of fibres were fixed onto microscope slides with 4-chamber wells (Lab 
Tek
R
II, Thermo Fisher Scientific) glued on top and allowed to dry overnight. The 
samples then underwent a sterilization process consisting of two washes in sterile 
70% ethanol (each for 30 minutes) and then four washes (each for 30 minutes) in 
sterile phosphate buffered saline (PBS, Sigma-Aldrich Co.). Finally, they were kept 
in cell culture media overnight to remove all excess acid.  




 in a proliferation medium containing 
Ham’s F-10 medium (Sigma-Aldrich Co.), supplemented with 2.5 ng mL
-1
 bFGF 
(Peprotech) and 20% fetal bovine serum (FBS, Invitrogen supplied by Life 
Technologies) and 1%  penicillin/streptomycin (P/S, Life Technologies). This 
medium was changed to a differentiation medium after 24 hours in culture (50-50 
mixture of Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) and 
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F-12 medium (DMEM/F12, Life Technologies) supplemented with 3% FBS and 1% 
P/S). The cells were left and allowed to differentiate for 4 days in the media. Cell 
morphology was assessed after 5 days in three independent experiments containing 
four samples each. Myoblast cells were stained by addition of calcein AM 
(Invitrogen) solution at a final concentration of 5µM (1:200 dilution) and incubated 
at 37 °C for 10 mins. Image analysis was performed using a Leica TSC SP5 II 
microscope.  
5.3. Results and Discussions 
5.3.1. Characterisation of Spinning Solutions 
5.3.1.1. Rheological Properties  
5.3.1.1.1. Concentrations of spinning solutions  
Broad ranges varying from 2-15% (w v
-1
) have been reported as practical, spinnable 
concentrations for chitosan. 
51,52
 Viscosity changes of both hydrogel precursors upon 
increasing shear rate have been discussed in detail as described in detail in Section 
3.3.1. A concentration of 3% (w v
-1
) has been selected here as an average value for 
both gels for ease of spinnability. PEDOT:PSS concentrations of less than 1.5% (w v
-
1
) showed insufficient viscosity to promote fibre production while concentrations 
higher than 3% (w v
-1
) were too viscous. A concentration of 2.5% (w v
-1
) 
PEDOT:PSS dispersion has been suggested to provide the most “spinnable” 
formulation, having been demonstrated by the production of continuous fibres over 
several meters in length in earlier studies.
12
 Isopropanol was also the recommended 
choice for the coagulation bath solvent to be used in the production of these 
continuous fibre lengths.
53
 In spite of this, after observation of coaxial fibre cross-
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sections under the scanning electron microscope, it was seen that the PEDOT:PSS 
core section had an inconsistent texture. In order to achieve uniform inner structure, 
as well as improving its conductivity, we investigated the effect of adding PEG into 
the PEDOT:PSS spinning formulation (fibres abbreviated “Hydrogel-PEDOT 
(+PEG)” in the succeeding sections). We found that by addition of 10 % (w v
-1
) 
PEG, the spinnability of the formulation was unaffected, thereby affording a one-step 
fibre production method. In addition to this, a uniform core texture could now be 
obtained routinely enclosed within the outer sheath component. 
5.3.1.1.2. Viscosity of spinning solutions 
Viscosity is another key factor determining the right selection of spinning solutions 
for wet-spinning. Viscosity of the sheath spinning solution is particularly critical in 
coaxial spinning as it is needed to provide a continuous protective coating over the 
inner core material. Additionally, the core component material must also possess a 
certain minimum viscosity to allow continuous spinnability without break-up as 
discussed previously. For coaxial spinning, matching the viscosities of the two 
components is also an essential consideration. Figure ‎5-3 shows changes in viscosity 
versus shear rate at different shear rates between 0.1-500 s
-1 
for aqueous solutions of 
chitosan at 3% (w v
-1
), alginate at 3% (w v
-1
) and PEDOT:PSS at 3% (w v
-1
) before 
and after adding PEG. 
 




Figure ‎5-3: Viscosities of spinning solutions of PEDOT:PSS with and without PEG,  chitosan 
and sodium alginate solutions 
The viscosity of 3% (w v
-1
) sodium alginate solution was roughly 8.5 Pa
*
s, while 
spinning solutions of 3% (w v
-1
) chitosan resulted in a solution with a viscosity of 6.4 
Pa
*
s. By increasing the shear rate, the viscosities of the two solutions became closer 
(The reasons for this have been discussed previously in section 3.3.2). It can also be 
seen that by increasing the shear rate, the viscosity of PEDOT:PSS solutions 
generally decreased.  This indicates that both solutions exhibited shear thinning 
behaviour. The viscosities of both gels were higher than those of PEDOT:PSS 
dispersions at low shear rates. It was found that the addition of 10% (w v
-1
) PEG only 
increased the viscosity slightly as a result of raising the concentration. As mentioned, 
for the core fibre spinning, PEDOT:PSS (with or without PEG) was injected at a rate 
of 15 mL h
-1








166 | P a g e  
 
166 
viscosity of the 3% (w v
-1
) PEDOT:PSS dispersion was 4.8 Pa
*
s, while the viscosity 
of PEDOT:PSS (+PEG) was approximately 6.7 Pa
*
s at shear rates close to zero. This 
might be considered as a benefit for coaxial wet-spinning as the viscosities of the 
core material became comparable to that of the sheath solutions. It has been 
established previously that PEG dispersions behave as Newtonian fluids below 




 However, when the applied shear rate or 
shear stress exceeds a certain value, gels show shear-thickening behaviour. Shear-
thickening is a time-independent non-Newtonian behavior which is defined as the 
increase of viscosity with increase in shear rate,
55
 often termed as a dilatant fluid. 
Shear thickening fluids (STFs) usually display a shear thinning behavior at low shear 
stresses or shear rate. This nonlinear rheological behaviour of dispersions arises from 
a micro-structural rearrangement of the particles within the system. Since the applied 
shear rate was not in the shear-thickening regime, the dispersion has low viscosity 
and flows easily; thus, the presence of PEG did not cause significant changes in the 
viscosity of PEDOT:PSS solution in our experiment. In addition, the viscosity of all 
the solutions was comparable at higher shear rates.  
Considering the outlet sectional area and 𝑉𝑖 for each component (15 mL hr
-1
 for 
PEDOT:PSS dispersion and 28 mL hr
-1
 for chitosan solution), the output flow rates 
were calculated. The flow rates were calculated to be about ~94 S
-1












s and ~1.2 Pa
*
s for chitosan, alginate, PEDOT:PSS 
and PEDOT:PSS (+PEG), respectively during the spinning process (shown in 
Figure  5-3). 
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5.3.1.2. Impedance and Electrical Conductivity of Hydrogels  
Figure ‎5-4 (a) shows an example of a series of Bode plots for chitosan 3% (w v
-1
) 
aqueous hydrogel in the wet gel state. The impedance magnitude (|Z|) decreases with 
increasing frequency and becomes independent of frequency above 1 kilohertz 
(kHz). This can be attributed to lower ionic diffusivity at low frequencies, due to the 
random path motion of ions. At higher frequencies this effect is eliminated due to the 
more rapid switching of current flow direction. This infers that the system is 
dominated by ionic, rather than electronic, charge carriers. Figure  5-4 (b) shows a 
linear relationship between the frequency-independent impedance (ZI) and sample 
length; the slope of this plot was used to calculate conductivity according to 
Equation ‎5-1. 
This information was used to try and achieve optimal performance for the final 
battery device. The ionic conductivity of a polymer electrolyte is related to the ionic 
mobility and motion of polymer chains which determines their ability to 
continuously create free volume into which the ions can migrate.
50
 These free 
volumes will facilitate the diffusion of charge through the polymeric matrix, thus 
enhancing the ionic conductivity.
56
 Enhancement of ionic conductivity will increase 
the flow of electrical charge between the cathode and anode and consequently 
improve battery performance. Electrical impedance analysis of chitosan 3% (W v
-1
) 
is shown in Figure  5-4 (a-b). 
 




Figure ‎5-4: Electrical impedance analysis of chitosan hydrogel 3% (w v
-1
); 
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Table ‎5-1 shows the calculated electrical conductivity of hydrogels with varying salt 
content. As expected, the conductivity increased for increasing salt content across all 
chitosan and alginate hydrogels. For both chitosan and alginate hydrogels, it can be 
seen that 1% w v
-1
 LiCl exhibited the highest conductivity. However, NaCl at 1% (w 
v
-1
) was chosen as the desired salt to be added to both hydrogels since it showed less 
variability (due to the smaller errors reported in Table  5-1 based on three time 
measurements) as well as comparable conductivities to data from LiCl  . In addition, 
this salt is inexpensive and abundant.  
Table ‎5-1: Ionic conductivity results of hydrogels using two kinds of salts 
Sample Name Conductivity (mScm
-1
) 
Chit wet gel 0.38 ± 0.041 
Chit - NaCl 0.5% (w v
-1
) 11.4 ± 0.188 
Chit - NaCl 1% (w v
-1
)  15.1 ± 0.073 
Chit – LiCl 0.5% (w v
-1
) 18.9 ± 2.046 
Chit - LiCl 1% (w v
-1
) 17.5 ± 0.227 
Chit - 1M NaOH 1.1 ± 0.011 
Alg wet gel 5.8 ± 0.098 
Alg – NaCl 0.5% (w v
-1
) 14.5 ± 0.091 
Alg – NaCl 1% (w v
-1
) 22.7 ± 0.233 
Alg – LiCl 0.5% (w v
-1
) 4.8 ± 0.103 
Alg – LiCl 1% (w v
-1
) 25.4 ± 0.659 
Alg - CaCl2 2%(w v
-1
) 8.9 ± 0.219 
Viscosity changes versus different shear rates (0-300 S
-1
) were determined after the 
addition of 1% (w v
-1
) sodium chloride. The changes in viscosity of both hydrogels 
upon addition of an inert and inorganic salt are compared in Figure ‎5-5 obtained 









Figure ‎5-5: Viscosity changes of (a) Alg and (b) chitosan spinning solutions with and without 
addition of  NaCl  1% (w v
-1
) 
It is clear from Figure  5-5 that the viscosity of alginate and chitosan solutions both 
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behaviour. Addition of a monovalent salt such as sodium chloride at 1% (w v
-1
) 
caused a slight decrease in the viscosity of both hydrogels. It is well known that 
viscosity can be highly sensitive to ion type and concentration due to the way they 
are able to change the range and strength of the electrostatic interactions between the 
molecules within a sample. This phenomenon is known as electrostatic screening or 
screening effect.
57
 Alginate and chitosan both reveal polyelectrolytic natures as they 
become ionised when dissolved in aqueous media. Presence of an inorganic salt 
invokes changes to their conformational properties.
58
 When electrolytes are absent, 
or present only at low concentrations (dilute solutions), the polymer chains are more 
expanded due to intrachain electrostatic repulsion. However, when an inert salt is 
added (non-dilute solutions) a screening of the charge takes place, the electrostatic 
interactions decrease and the conformation of the chain becomes more compact.
59
 
This leads to a decrease in the viscosity of the solution when compared to salt-free 
conditions.
60
 According to Figure  5-5 (a) and (b), the viscosity is strongly controlled 
by electrostatic molecular interactions at low shear rates. However, at higher shear 
rates where the size and shape of the molecules becomes the defining feature, these 
interactions break down. This will be confirmed by observing the variation in 
viscosity as the shear rate is changed.  
5.3.1.3. Microscopic Investigation of As-prepared Fibres 
5.3.1.3.1. Morphological Observation in Wet-state 
Figure ‎5-6 (a-c) displays wet Chit-PEDOT (+PEG) coaxial fibres in water 
immediately after the spinning process
61
 within a 1-min time period (intervals of 30 
S). These images were taken from fibres which had not undergone a post-treatment 
procedure with propan-2-ol or isopropanol (ISP) after preparation to highlight the 
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impact of the post-treatment on the formation of coaxial fibres. As seen from the 
micrographs, the conductive core is not well bound to the outer sheath without the 
post-treatment, and this can result in the formation of a hollow hydrogel fibre within 
a short time after preparation. 
 
Figure ‎5-6: Stereomicroscope images of (a-c) surface of wet Chit-PEDOT (+PEG) fibres without 
post-treatment 
The same fibres were exposed to a post-treatment process straight away and imaged 
using the optical microscope once again.  The stereomicroscopic images of wet Chit-
PEDOT (+PEG) and Alg-PEDOT (+PEG) coaxial fibres are shown in Figure ‎5-7 (a-
d). The coaxial fibres showed uniform linear structures with the PEDOT:PSS 
(+PEG) core loaded into the fibre sheath. Moreover, the fibres appeared to remain 
quite stable in the media with a uniform and consistent core retained in place. The 
diameters of the fibres was measured to be about 580 µm for Chit-PEDOT (+PEG) 
and 550 µm for Alg-PEDOT (+PEG) fibres, in which the core was about 340 µm and 




500 µm 500 µm 
 




Figure ‎5-7: Stereomicroscope images of  surface and (b) cross-sections of  (a), (b) Chit-PEDOT 
(+PEG) and (c) and (d) Alg-PEDOT (+PEG), respectively 
Also, the cross-sections of coaxial fibres of Chit-PEDOT were observed under LV-
SEM before and after addition of PEG to the core component. Figure ‎5-8 (a-c) 
reveals coaxial fibres in which chitosan was used as the surrounding sheath 
component. These images give valuable information about the internal structures of 
the fibres.  
 
Figure ‎5-8: LV-SEM images of hydrated cross sections of as-prepared (a) Chit-PEDOT, (b) 
Chit-PEDOT (+PEG) and (c) higher magnification of  Chit-PEDOT (+PEG)  
Cross-section of both fibre structures exhibited sealed rounded forms as clearly 
depicted in the LV-SEM images. The core component in Chit-PEDOT fibres in 








20 µm 100 µm 100 µm 
a b c 
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core at 10% (w v
-1
) resulted in creation of a crack-free and consistent central core 
compared to the pure PEDOT:PSS as shown in Figure  5-8 (b). A porous, spongy 
texture is noticeable in both chitosan and PEDOT sections which look as if they have 
reduced in size after insertion of PEG (Figure ‎5-9 (a-b)). Internal cross-section of 
Alg-PEDOT coaxial fibres imaged under LV-SEM clearly showed the cylinder-
shaped form of the fibre as indicated in Figure  5-9 (a-d). Similar to the method used 
for improving the consistency of the core component in regard to Chit-PEDOT 
fibres, PEG was also added into the PEDOT:PSS component in Alg-PEDOT fibres.  
 
Figure ‎5-9: LV-SEM images of hydrated cross sections of as-prepared (a) Alg-PEDOT, (b) Alg-
PEDOT (+PEG), (c) higher magnification of Alg-PEDOT (+PEG) and (d) re-hydrated Alg-
PEDOT (+PEG) fibres 
Both Alg and PEDOT constituents displayed porous permeable structures with holes 
visually larger than that of Chit-PEDOT (+PEG) fibres. Core and sheath components 
also appeared to be separated by a gap of approx. 30-50 µm. However, in contrast to 
the behaviour observed in Section  4.3.2.1 when GO was exposed to alginate, 
PEDOT:PSS does not show miscibility with alginate. This performance may arise 
50 µm 
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from its higher viscosities (6.7 Pa
*
s) compared to GO solutions (1.5 Pa*s) coming 
from the chain entanglements present in the chemical structure due to its polymeric 
nature. In order to improve core and sheath attachment by building a bridge between 
them, PEG was added to alginate spinning solutions as well as being a common 
element existing in the core. However, the results revealed that addition of PEG into 
the core created a larger gap between the two constituents as both sections became 
significantly denser as shown in Figure  5-9 (b). Shrinkage of the alginate sheath 
might be due to the creation of covalent bonding with the alginate. Insertion of PEG 
into alginate has been shown to regulate the swelling properties of alginate 
hydrogels.
62
 Furthermore, addition of PEG into PEDOT:PSS, with a polymeric 
chemical structure, decreased the porosity of the core structure. Thus, PEG was only 
added to PEDOT:PSS core material as previously done for the chitosan sheath fibres. 
These fibres also displayed the ability to restore their initial cylindrical cross-
sectional shape through several dehydration and rehydration processes as 
demonstrated in Figure  5-9 (d). 
5.3.1.3.2. Morphological Observation in Dry-state 
Obtaining the right morphology is one of the most crucial steps in designing a 
triaxial structure. The microstructure of dehydrated Chit-PEDOT (+PEG), Alg-
PEDOT (+PEG) and PPy-Chit-PEDOT (+PEG) fibres were imaged under SEM and 
the results are shown in Figure ‎5-10 (a-i). As is well known, wet-spinning yields 
fibres of generally round or bean-shaped cross-section.
63
 Although hydrated coaxial 
Chit-PEDOT (+PEG) and Alg-PEDOT (+PEG) fibres clearly indicated more or less 
disk-shaped circular cross-sections,  they fully collapsed into non-regular structures 
after dehydration as shown in Figure  5-10 (a) and (b). Nevertheless, a clear boundary 
could be found between the two components. It is also worth noting that freeze 
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drying of fibres does not seem to be a succesful method in keeping the circular cross-
section. Looking at the surface patterns of coaxial fibres in Figure  5-10 (e) and (f) 
showed that while Chit-PEDOT (+PEG) fibres displayed a non-uniform, irregular 
and porous surface pattern, Alg-PEDOT (+PEG) revealed a relatively smooth surface 
structure with longitudinal indentations running parallel to the fibre axis. The cross-
sectional shape of PPy-Chit-PEDOT (+PEG) triaxial fibres displayed an irregular 
structure with three clear layers shown in Figure  5-10 (g-i). SEM micrographs of 
PPy-Chit-PEDOT (+PEG) fibres in Figure  5-10 (i) clearly displayed special patterns 









Figure ‎5-10: SEM images of cross sections of as-prepared coaxial fibres of (a) Chit-PEDOT 
(+PEG), (b) Alg-PEDOT(+PEG) and higher magnifications of (c) Chit-PEDOT (+PEG) and (d) 
Alg-PEDOT(+PEG) fibre, surface pattern of  (e) Chit-PEDOT (+PEG) and (f) Alg-PEDOT 
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(+PEG) fibre, (g) cross section, (h) higher magnification of cross-section and (i) surface of  PPy-
Chit-PEDOT (+PEG) triaxial fibres 
To investigate the internal compositions of the cross-sections and determine if each 
of the layers and sections maintained their original positions after dehydration, 
chemical analysis was carried out through EDS mapping. This analysis could also 
possibly help specify how the PEDOT (+PEG) core component is enclosed within 
the chitosan sheath.  EDS, energy dispersive spectroscopy, relies on the interaction of 
the electron beam in the SEM with the specimen atoms. This interaction generates 
element specific X-rays which allows us to map the elemental distribution or relative 
abundance across a scanned image. Secondary electron images of coaxial Chit-
PEDOT (+PEG), Alg-PEDOT (+PEG) and triaxial PPy-Chit-PEDOT (+PEG) fibres 
and their corresponding X-ray maps are depicted in Figure ‎5-11 (a-c), respectively. 
Poly (3,4-ethylenedioxythiophene) sulfonate Polystyrene or PEDOT:PSS is a  
polymer mixture of two ionomers.
65
 One component in this mixture is sodium 
polystyrene sulfonate. Part of the sulfonyl groups are deprotonated and carry a 
negative charge. The other component poly (3,4-ethylenedioxythiophene), or 
PEDOT, is a conjugated polymer and carries positive charges. Thus, it was 
determined that sulphur would be a suitable element to map as an indicator of the 
presence of PEDOT:PSS since it is not present in any of the hydrogels or PPy. 
c 
 




Figure ‎5-11: EDS maps from cross-sections of as-prepared  (a) Chit-PEDOT (+PEG),  (b) Alg-
PEDOT (+PEG) and (c) PPy-Chit-PEDOT (+PEG) fibres; where a,b and c(1) (dark blue), a and 
c(2) (red) and b(2) (light blue) shows the elemental maps of sulphur (S), carbon (C) and calcium 
(Ca), respectively. 
The EDS maps obtained clearly confirmed the results previously obtained from SEM 
investigations. The bean structured cross-sections of coaxial and triaxial fibres were 
shown to enclose the sulphur-rich conductive core of PEDOT:PSS. A thin layer of 
PPy was also observed to be deposited as the third layer on the surface of Chit-
PEDOT (+PEG) fibres (Figure  5-11 (c)) 
As noted, the polymerisation of pyrrole could not be initiated on the surface of 
alginate it was previously for chitosan. To investigate the reasons for this we can 
possibly look back at the chemical structures of both alginate and chitosan. As 
discussed earlier, chitosan is a cationic polysaccharide containing amino groups 
which could be protonated in aqueous media.
26
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display antioxidative activity due to the existence of these lone so-called “unpaired 
electrons” in its structure. The damaging process that is prevented by antioxidants is 
the prevention of free radicals. Consequently, it could prevent the oxidation of other 
chemicals from occurring.
66
 A schematic shows antioxidant activity of chitosan is 
presented in Figure ‎5-12.  
 
Figure ‎5-12: Mechanism of how antioxidants reduce free radicals by giving the free radical an 
electron which inhibits other oxidation reactions 
Sodium alginate, on the other hand, in the absence of antioxidant protection is 
predicted  to undergo an oxidation process when exposed to the oxidant which results 
in backbone cleavage.
67
 In the oxidation reaction, hydroxyl groups on carbons 2 and 
3 of repetitive units were oxidized by FepTS leading to the formation of bis-aldehyde 
functionalities in each oxidized monomeric unit by cleaving the carbon–carbon bond 
as shown in Figure ‎5-13.
66   
                     
Figure ‎5-13: An oxidation reaction of alginate upon addition of oxidant 
FTIR spectroscopy was used to evaluate the structural changes in the alginate 
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resulting FTIR spectra of pure alginate (Alginate) and oxidized alginate (Alginate- 
FepTS).  
 
Figure ‎5-14: FTIR spectra of alginate and alginate-FepTS 
As expected, pure alginate displayed the characteristic absorption bands of alginic 
acid, including the peaks at around 1603 and 1413 cm
-1
, corresponding to 
asymmetric and symmetric stretching vibration of carboxylate salt groups of alginate, 
a peak at around 1033 cm
-1
 assigned to C-O-C stretching vibration and a peak at 
3255 cm
-1
 attributed to –OH stretching vibration.
68
 Interestingly, oxidized alginate 
showed a completely different absorption pattern from pure alginate, supporting the 
theory of structural substitution of functional groups due to chemical reaction 
between sodium alginate and the oxidizing agent (FepTS). Subsequently, a dramatic 
decrease in intensity of the –OH stretching vibration (at 3221 cm
-1
) of alginate was 
due to oxidation at the hydroxyl groups. Identifying the newly formed aldehyde 
groups (as a consequence of oxidation) proved to be difficult with only a weak 
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absorption band at 1736 cm
-1
 assigned to symmetric vibration of aldehyde (which 
was due to hemiacetal formation of free aldehyde groups confirmed by observation 





Additionally, the appearance of the band at around 1222 cm
-1
 corresponds to S=O 
stretching vibration of the oxidizing agent (FepTS).
72,73
 It is also noteworthy that the 
significant reduction in absorption bands of carboxylate groups (1603 and 1413 cm
-1
) 




5.3.1.4. Mechanical Properties 
Tensile tests were carried out on a Dynamic Mechanical Tester (EZ-L Tester from 
Shimadzu, Japan), at 2 mm min
-1
 and a gauge length of 11.5 mm. Average values of 
tensile strength and maximum strain were determined for four different coaxial fibre 
types with each test being repeated four times. The results are summarized in 
Table ‎5-2. 
Table ‎5-2: Mechanical properties of coaxial and triaxial fibres 
Results obtained from stress–strain curves for as-spun coaxial and triaxial fibres 
showed a significant increase in robustness for them compared to the results 
previously reported for PEDOT:PSS fibres by others.12 Young’s moduli of fibres 









 3.3 ± 0.3 125 ± 7 15.8 ± 1.2 
Chit-PEDOT fibre 3.9 ± 0.1 94.06±3.4 8±1.98 
Chit-PEDOT (+PEG) fibre 5.16 ± 0.6 160.25±16.8 7.52±0.88 
Alg-PEDOT(+PEG) fibre 4.05 ± 0.08 94.81±5.3 16.73±1.81 
PPy- Chit-PEDOT (+PEG) fibre 2.2 ± 0.25 64.81±3.3 3.5±0.25 
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were calculated to be 3.9, 5.1, ∼4 and 2.2 GPa for Chit-PEDOT, Chit-PEDOT 
(+PEG), Alg-PEDOT (+PEG) and PPy- Chit-PEDOT (+PEG) fibres, respectively. 
The results indicate that the presence of a hydrogel sheath plays a major role in 
increasing the Young’s modulus. On the other hand, deposition of the third layer has 
decreased the Young’s modulus. Analysis of this data also indicated an ultimate 
stress of ∼125 MPa with ∼15.8 % strain for solid fibres76 compared with ∼94 MPa 
with 8% strain,  ∼160 MPa with 7.5% strain and 94 MPa stress with ∼16.7% for 
Chit-PEDOT, Chit-PEDOT (+PEG) and Alg-PEDOT(+PEG) fibres, respectively.  In 
other words, there is a loss of ∼25% of tensile strain in hybrid Chit-PEDOT fibres 
compared to that of solid PEDOT:PSS fibres which might be compensated for by 
addition of PEG into the core of coaxial Chi-PEDOT fibres. This outcome can be 
explained by the creation of a strong homogenous interfacial connection between the 
core and sheath sections in the presence of PEG which causes efficient stress transfer 
when strain is applied on a tensile specimen. Moreover, Chit-PEDOT fibres were 
shown to withstand less stress before breakage in the elastic regime, while Alg-
PEDOT (+PEG) revealed higher strain percentages before fracture. Triaxial fibres of 
PPy- Chit-PEDOT (+PEG) fibre were shown to have ultimate tensile stress of ∼64 
MPa with 3.5% elongation at breakage.  The creation of multilayered fibres with 
different sections allowing different properties, as well as their dissimilar responses 
to the applied stress, might be the reason behind this reduction. These data were 
calculated assuming that the cross-sectional area was circular with a diameter equal 
to the widest diameter of the irregular fibre.  
5.3.1.5.  Cyclic Voltammetry (CV) 
CV curves of as-prepared coaxial fibres were collected to evaluate the EC properties 
of fibres. Curves for solid PEDOT:PSS(PEG), as well as coaxial Chit-PEDOT 
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(+PEG) and Alg-PEDOT (+PEG) fibres, are shown in Figure ‎5-15 (a-b) in two 
electrolytes, PBS and 0.1 M TBABF4 (CV of cotton-steel fibre has been added as the 
reference).  To make connection to the PEDOT (+PEG) core of the fibres, a cotton-
steel wire with an average diameter of 20 µm was inserted into the fibre core while 
spinning. The applied  was 10 mV s
-1
 and 100 cycles were performed. Reasonable 
electroactivity is observed in CV results from coaxial fibres which also indicated a 
stable behaviour after 100 cycles in both media. The EC performance of individual 









Figure ‎5-15: Cyclic voltammograms of PEDOT:PSS (+PEG), Chit-PEDOT (+PEG) and Alg-
PEDOT (+PEG) fibres in (a) PBS solution and (b) 0.1 M TBABF4; potential was scanned 
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The capacitive behaviour of PEDOT:PSS (+PEG) was represented by CVs showing 
near-rectangular shaped behaviour in aqueous and organic media in a three-electrode 
configuration. The near-rectangular shape of the CVs obtained from PEDOT:PSS 
(+PEG) suggests that the overall internal resistance is low, owing to the high fibre 
electroactivity. It is worth mentioning that the cotton-steel wire showed negligible 
electroactivity as observed in the Figure  5-15 in both media. 
PEDOT:PSS(+PEG) fibres exhibited more pronounced oxidations (-0.4 and +0.4 V 
vs. Ag/Ag
+
) and reduction (-0.2 and -0.5 V vs. Ag/Ag
+
) peaks. However, 
PEDOT:PSS  (+PEG) fibres exhibited a well-defined EC behaviour corresponding to 
oxidation (-0.3 V) and reduction (-0.5 V) of the PEDOT backbone in the organic 
electrolyte. The oxidation and reduction peaks shifted to (+0.2 V vs. Ag/Ag
+
) and 
(+0.6 V vs. Ag/Ag
+
) for Chit-PEDOT (+PEG) and (-0.3 V vs. Ag/Ag
+
) and (+0.5 V 
vs. Ag/Ag
+
) for Alg-PEDOT (+PEG) fibres, respectively. These redox values for 
coaxial fibres are at potentials higher than the oxidation state of the PEDOT:PSS 
fibre core. This provides the possibility of switching between oxidised and reduced 
states for the coaxial fibres whilst the PEDOT:PSS layer remains in its oxidised 
(conducting) state. In addition, the CV curves showed obviously larger CV areas, and 
correspondingly, higher specific capacitances in 0.1 M TBABF4 than those of the 
CVs in PBS solution. The coaxial fibres displayed a kind of tilted CV shape. Specific 
capacitances of 19±0.65, 11±1.2 and 9.2±0.8 F g
-1





calculated for PEDOT:PSS (+PEG), Chit-PEDOT:PSS (+PEG) and Alg-
PEDOT:PSS (+PEG) fibres, respectively, in PBS solution (based on the calculations 
in section  2.2.1.11). Much higher capacitances of 29.7±1.5, 21±0.2 and 13.05 ±0.6 F 
g
-1 
were measured for PEDOT:PSS (+PEG), Chit-PEDOT:PSS (+PEG) and Alg-
PEDOT:PSS (+PEG) fibres, respectively in 0.1 M TBABF4. 
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It was expected that we would see higher electroactivities from Alg-PEDOT (+PEG) 
fibres compared to that of Chit-PEDOT (+PEG) because of their higher ionic 
conductivities in wet-state (5.8 for alginate vs. 0.38 for chitosan). Alg-PEDOT 
(+PEG) fibres however, demonstrated less electroactivity compared to Chit-PEDOT 
(+PEG) fibres as shown by the lower current measured in CV curves. This outcome 
might be explained by the lack of any bonding between alginate and PEDOT:PSS in 
the core (and is supported by the LV-SEM images in section  5.3.1.3.1 which show a 
gap of approx. 30-50 µm).  
5.3.1.6. In-vitro Bioactivity Experiments 
Tests for cytotoxicity and cell adhesion are essential in assessing tissue - biomaterial 
compatibility integration. It is well known that the quality of cell attachment to the 
substrate material will determine the capacity of cells to proliferate and to 
differentiate into biomaterials.
78,79
 To this end, we tested cell toicity and 
biocompatibility of coaxial fibres using primary cells without the use of any extra 
cellular matrices, such as laminin or collagen, to assess the true affinity of these cells 
to our synthetic substrates.  
 




Figure ‎5-16: Primary cell attachment and proliferation on fibres after 5 days of differentiation. 
(a) Alg-PEDOT (+PEG) and Chit-PEDOT (+PEG) fibres from (b) bottom (c) side and (d) top 
view, respectively. Scale bars represent 100 µm 
The proportion of live cells was seen to be very high on both coaxial fibre types. This 
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death, indicating that the materials are biocompatible. The tests revealed that on 
coaxial Chit-PEDOT (+PEG) fibres the primary cells attached, differentiated and 
proliferated. Also, the cell morphology after 5 days on the fibres was typical of 
primary cells. Nevertheless, it was also observed that cells did not show any 
tendencies toward attachment to coaxial fibres coated with alginate and attached and 
differentiated much better on coaxial Chit-PEDOT (+PEG) fibres than on the Alg-
PEDOT (+PEG) ones as shown in Figure ‎5-16. Furthermore, it was observed, that in 
the case of the primary cells, the density of cells growing on the fibre surfaces 
(shown by the calcein-stained-green colour) was slightly lower than that observed on 
the underlying substrate (image not shown). Overall, the myoblast cells were 
observed to adhere and the density of cells on Chit-PEDOT (+PEG) fibres increased 
over time which, together with the high cell viability, indicates that the fibres were 
capable of supporting myoblast cell adhesion and proliferation. 
5.4. Conclusion 
Biopolymeric continuous core-sheath fibres, with an inner core of PEDOT:PSS and 
either chitosan or alginate as the sheath, were fabricated for the first time without 
using a template via a simple wet-spinning process. Using a CVD method, a second 
thin conductive layer of PPy was grown on the coaxial fibre surface leading to the 
production of triaxial fibres to be utilized as potential microscale biobatteries. The 
morphological, mechanical, electrochemical and biological properties of these fibres 
are discussed. Cross-sectional images of coaxial fibres taken by LV-SEM also 
confirmed the role of PEG in the creation of a crack-free and consistent core texture 
compared to pure PEDOT:PSS. Mechanical property results obtained from stress–
strain curves for as-spun coaxial fibres showed a significant increase in robustness 
 
190 | P a g e  
 
190 
for them compared to results previously reported for PEDOT:PSS fibres by others. 
Sodium chloride at 1% (w v
-1
) was chosen as the desired salt solution to be added to 
the electrolyte layer, giving the highest ionic conductivity in chitosan and alginate 
with lower standard deviations compared to lithium chloride. Furthermore, 
reasonable electroactivity was observed in CV results from coaxial fibres which also 
indicated stable behaviour in both media. In-vitro bioactivity experiments suggested 
that the fibres did not release any toxic component that caused cell death; however, 
primary cell lines appeared to attach and differentiate much better onto coaxial Chit-
PEDOT (+PEG) fibres compared to those coated with an alginate sheath. All 
prepared fibres showed good electrochemical and mechanical properties, as well as 
cytocompatiblity, which make them useful for potential applications as biosensors, 
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6.1. General Conclusion 
The main objective of this thesis was to develop 3D electroactive fibres by means of 
coaxial wet-spinning method to be utilized in a variety of bioapplications such as 
implantable electrodes, drug delivery systems as well as more complicated 
applications such as energy-storage systems. In order to fabricate coaxial 
electroactive fibres, a number of electrically conducting materials, i.e. PEDOT: PSS, 
LC GO and PPy, as well as biocompatible ionically conducting polymers including 
chitosan and alginate have been employed. The use of non-conducting materials as 
the surrounding sheath improves cell adhesion properties since they provide 
mechanical and structural properties that mimic many tissues and their extracellular 
matrix. However, the conducting elements in the core are necessary for the creation 
of electrical pathways required to allow electrical stimulation of cells. As a result of 
this research, the production of continuous multiaxial fibres has been achieved using 
combination of the various above-mentioned materials. The focus of this thesis is on 
developing and characterising coaxial biofibres using naturally occurring hydrogels 
and organic conductors with a view to their ultimate use as biocompatible electrodes. 
Wet-spinning, as the most versatile and viable fibre fabrication method, was the key 
approach used to develop the coaxial conducting fibres. The major difference in the 
coaxial wet-spinning method used through this study compared to conventional wet-
spinning was that in the coaxial process, two different polymer solutions are injected 
into a coaxial spinneret together and are co-extruded into a bath while retaining a 
coaxial structure. The simple processability of both alginate and chitosan together 
with their biocompatibility, suitable mechanical properties as well as their ability to 
form polyanion–polycation complexes led to their selection as the hydrogels for use 
in this thesis.  
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Since a number of parallel solution and processing parameters are required to be 
optimised and controlled in order to form coaxial fibres in a coagulation bath, and 
also because of the limited number of existing studies in the area of effective 
fabrication of either coaxial or triaxial fibres via coaxial wet-spinning, it was 
necessary to initially investigate the optimum conditions for wet-spinning of 
hydrogel-based coaxial fibres. This was carried out and the results are presented in 
chapter 3.  
Fabrication of coaxial Chit/Alg fibres (inner core of chitosan and alginate as the 
outer sheath) was made possible using coaxial wet-spinning employing a novel 
method of blending the chitosan core with various percentages of calcium chloride 
(0.5, 1 and 2% W v
-1
). Selection of a matching solvent, as well as the appropriate 
injection rates for both core and sheath components were other critical factors that 
were successfully addressed throughout the thesis. The results showed that the fibres 
which contained 1% CaCl2 yielded the optimum mechanical results with Young’s 
modulus of 1.9 GPa and ultimate stress of 80 MPa compared to fibres produced 
with other components; however, they also demonstrated the highest degree of 
swelling at 540%. In total, coaxial fibres of Chit/Alg exhibit a 260% increase in 
ultimate stress and more than 300% enhancement in the Young’s modulus compared 
to their alginate counterpart. As expected, coaxial fibres had thermal properties and 
total weight loss occurring between the values observed for chitosan and alginate 
which contain about 60-70% wt. of the chitosan core and 30-40% wt. of alginate 
sheath when dried completely calculated from TGA results. 
The biocompatibility of Chit/Alg fibres was demonstrated via cytotoxicity assays 
using two types of cells, human and murine myoblasts, in which cells were shown to 
be well attached to the fibre surface while having normal morphology, suggesting 
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that the fibres showed no toxicity affecting the cell survival. Moreover, the use of 
these coaxial biofibres as delivery platforms have demonstrated significant 
improvements with regard to releasing the dye molecules permitting the release to be 
achieved in a more controlled manner compared to alginate fibres. These results, 
together with the cytocompatiblity showed by them previously showed by them 
suggesting those as promising candidates for developing novel kinds of 3D 
bioscaffolds in drug release studies or tissue engineering. 
Subsequently, GO was also inserted into the core of coaxial fibres to enhance the 
electroactivity of the conductive core and improve the mechanical properties of the 
fibres whilst maintaining good biocompatibility and cell adhesion of the scaffold by 
using a hydrogel polymer as the sheath. Use of ultra-large GO sheets has enabled 
development of a wet-spinning process for incorporation of a continuous core into 
fibres which is then easily convertible to electrically conducting graphene using 
facile thermal or chemical treatment methods. Chit/Go and Alg/GO coaxial fibres 
were successfully spun in a 1 M NaOH and 2% (w v
-1
) coagulation baths, 
respectively. As observed from SEM images, while the GO in the core tends to blend 
with the alginate sheath in Alg/GO fibres to produce a final hollow-shaped structure, 
both chitosan and GO were held in their initial places after fibre formation in 
Chit/GO fibres.  
Mechanical property results obtained from stress-strain curves for as-spun rGO and 
coaxial Chit/GO fibres showed a significant increase in robustness of the latter by 
about 33 times up to ~10.6 GPa. Coaxial fibres also revealed an ultimate tensile 
stress of 257 MPa and elastic modulus of 9.7 GPa, improvements of 8500% and 
3350%, respectively, compared to the graphene oxide fibres alone. These increases 
were accompanied by an enhancement in elongation at break from 1.5 to 3.1% 
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(about 2-fold) in respect to the neat GO fibre. These superior mechanical property 
outcomes were shown to be in large part due to the major role played by the chitosan 
sheath as a result of the creation of a strong, homogenous interfacial connection 
between chitosan and graphene oxide. The average electrical conductivity of rGO 
fibres was measured to be ∼48 S m-1 (an improvement of more than 2.5 times 
compared to ∼19 S m-1 for GO fibres) after chemical treatment with ascorbic acid.  
Both rGO and reduced Chit/GO fibre, demonstrated reasonable electroactivities. As 
calculated from CV curves, rGO fibres showed a specific capacitance of 38±0.65 F g
-
1
 and 31.7±1.5 F g
-1 
at a  of 50 mV s
-1
 in PBS and aqueous 1 M NaCl solutions, 
respectively. Chit/GO fibres had specific capacitances of 22.2±1.1 F g
-1
 and 27.8±1.5 
F g
-1
 in PBS and aqueous 1 M NaCl solutions, respectively. The lower efficiency of 
Chit/GO fibres compared to that measured for rGO fibres might be as a result of a 
restricted access of the counterions to the conductive core due to the barrier created 
by coverage with the insulating hydrogel layer. The behaviour of two cell types, 
mouse fibroblast line (L-929) and rat pheochromocytoma line commonly used as a 
model of neural differentiation (PC-12), have also been investigated on GO and 
Chit/GO fibres. For both cell lines, cells were shown to adhere to the fibre surfaces 
with greater than 99% viability – results being very similar on the Chit/GO and rGO 
fibres. However, they will likely require some optimisation for any neural application 
since the neurite lengths obtained were shorter than what would normally be 
expected for the relatively long period allowed for differentiation.  
PEDOT:PSS as one of the most highly conductive, processable, environmentally 
stable and biocompatible conducting polymers, appeared to be a very suitable 
candidate for development of coaxial electroactive fibres. Therefore, in order to 
improve the electrochemical properties of previously produced coaxial fibres, the GO 
 
201 | P a g e  
 
201 
core was substituted with PEDOT:PSS. The high dispersibility of PEDOT:PSS in 
water enabled the preparation of biocompatible, well-dispersed and homogenous 
spinning formulations from which Chit-PEDOT:PSS and Alg-PEDOT:PSS fibres 
were continuously fabricated successfully. Addition of 10 % (w v
-1
) PEG into the 
PEDOT:PSS core was found to have a negligible effect on the spinnability of this 
formulation, whilst affording the consistent and crack-free spinning of a core 
component that could be entrained consistently without break into the sheath.   
Interestingly, despite the absence of a reaction between alginate and GO in Alg-
PEDOT:PSS fibres, PEDOT:PSS does not show any miscibility with alginate as 
observed when GO was exposed to alginate. This may arise from its higher viscosity 
(6.7 Pa*s) compared to GO (1.5 Pa*s) as a result of the presence of internal chain 
entanglements due to its polymeric nature. Exposure of oxidant-enriched coaxial 
fibres to an atmosphere containing the pyrrole monomer spontaneously initiated a 
polymerization reaction which resulted in the creation of a dark layer of PPy polymer 
on the surface of Chit-PEDOT:PSS (+PEG) fibres. The same polymerisation of 
pyrrole could not be initiated on the surface of Alg-PEDOT:PSS (+PEG) fibres. 
Mechanical property results obtained for as-spun coaxial fibres showed a significant 
increase in robustness for them compared to the results previously reported for 
PEDOT:PSS fibres by others (∼3.3 GPa). Young’s moduli of fibres were calculated 
to be 3.9, 5.1 and ∼4 GPa for Chit-PEDOT, Chit-PEDOT (+PEG) and Alg-
PEDOT (+PEG) fibres, respectively. The results indicate that the presence of a 
hydrogel sheath plays a major role in increasing the Young modulus. Deposition of 
the third layer (PPy) was shown to decrease the Young’s modulus to 2.2 GPa. 
Furthermore, Chit-PEDOT:PSS (+PEG) fibres were shown to be able to withstand 
higher stresses before breakage (160 MPa) in the elastic regime compared to Alg-
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PEDOT:PSS (+PEG) fibres which showed ultimate stresses of  94 MPa. On the 
other hand, Alg-PEDOT:PSS (+PEG) fibres revealed higher strain percentages 
before fracture with 16% elongation before breakage. Triaxial fibres of PPy- Chit-
PEDOT (+PEG) fibre were shown to have an ultimate tensile stress of ∼64 MPa with 
3.5% ultimate strain.   
Reasonable electroactivity was observed in CV results from coaxial fibres in both 
aqueous and organic media. The curves showed obviously larger CV areas, and 
correspondingly, higher specific capacitances in 0.1 M TBABF4 than those of the 
CVs obtained in PBS solution. Specific capacitances of 19±0.65, 11±1.2 and 9.2±0.8 
F g
-1
 at a  of 10 mV s
-1 
were calculated for PEDOT:PSS (+PEG), Chit-PEDOT:PSS 
(+PEG) and Alg-PEDOT:PSS (+PEG) fibres, respectively in PBS solution (based on 
the calculations in section  2.2.1.11). Much higher capacitances of 29.7±1.5, 21±0.2 
and 13.05 ±0.6 F g
-1 
were measured for PEDOT:PSS (+PEG), Chit-PEDOT:PSS 
(+PEG) and Alg-PEDOT:PSS (+PEG) fibres, respectively in 0.1 M TBABF4. With a 
view to optimising the performance of any potential battery structure, the ionic 
conductivities of the polymer electrolytes (hydrogel layer) were recorded and 
optimised by measuring the impedance behaviour using varying salt contents. 
Sodium chloride at 1% (w v
-1
) was chosen as the desired salt and concentration to be 
added to both hydrogels and resulted in the highest ionic conductivity in chitosan 
(15.1 mScm
-1
) and alginate (22.7 mScm
-1
) while also diplaying lower standard 
deviations compared to lithium chloride.  
The biological tests revealed that on coaxial Chit-PEDOT (+PEG):PSS fibres the 
myoblast cells attached, differentiated and proliferated showing the typical cell 
morphology of myoblast cells. Nevertheless, it was also observed that cells did not  
 




show any tendencies toward attachment to coaxial fibres coated with alginate and 
attached and differentiated much better on coaxial Chit-PEDOT:PSS (+PEG) fibres 
than on the Alg-PEDOT:PSS (+PEG) ones. This combination of high electroactivity, 
remarkable Young’s modulus and yield stress combined with the greater 
biocompatibility of these fibres implies that they hold great promise in applications 
such as drug delivery, batteries, power supply and tissue scaffolds in the near future. 
6.2. Comparison of Fibre Properties 
Electroactive biomaterials are a part of a new generation of “smart” biomaterials that 
allow the direct delivery of electrical, electrochemical and electromechanical 
stimulation to cells. Multifunctional hybrid fibres are one of the recently developed 
categories of smart biomaterials which have revealed a number of characteristics that 
show great promise for their potential use in a broad range of devices and 
applications including microelectrodes, neural implants, controlled release host, 
tissue-engineered scaffolds or actuators. The final physical properties of these fibres 
may be easily tailored to meet the essential requirements for a particular application. 
For all of those functions there is a necessity for the fibres to possess high strength - 
not only to be able survive the processing operations such as knitting or weaving but 
also vital to its continuing success in-vivo, particularly for long-term aplications in 
things such as implantable devices. Other key properties, such as microstructure, 
electroactivity, conductivity, degradation rate and elasticity of the fibres could also 
be regulated for any particular application. Charts of some of those key properties of 
the fibres such as tensile strength, modulus, elongation at break and electroactivity 
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are presented below, allowing comparison of the different properties of the fibres 
prepared throughout this research. 
6.2.1. Mechanical Properties 
Mechanical properties of all fibre types produced in Chapters 3-5 are depicted in 
Figure ‎6-1. Enhancement of Young’s modulus and tensile strength were observed in 
most of the coaxial fibres (except Chit/Alg) compared to their individual 
components. These enhancements were clearly higher for coaxial fibres containing 
reduced graphene oxide compared to those with PEDOT:PSS. While Young’s 
modulus and tensile strength of Chit/Go are higher than the values obtained for 
Chit/PEDOT:PSS (+PEG) and Alg/PEDOT:PSS (+PEG), it was observed that the 
elongation at breakage is significantly lower. To take advantage of the strength and 
stretchability characteristics of both of these potential conductor elements, it might 
be useful to try a blend of them as the core component. 
 




Figure ‎6-1: Mechanical properties of all fibre types produced in the course of this study 
6.2.2. Electrochemical Properties 
Figure ‎6-2 compares the electrochemical properties of all fibre types produced in 
this study. Generally speaking, solid conducting fibres demonstrated higher 
electroactivities and achieved higher specific capacitance compared to that of coaxial 
fibres. The poorer performance of coaxial structures could be attributed to the more 
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restricted access of the counterions to the conductive core since it is covered with an 
insulating hydrogel layer. 
 
Figure ‎6-2: Electrochemical properties of all fibre types produced in the course of this study 
 Moreover, according to the results in Figure ‎6-2, incorporation of reduced graphene 
as the core component gave rise to the specific capacitance values in all fibres. 
Another interesting investigation that suggest itself from looking at this graph would 
be the effect of the presence of a strong chemical interconnection between two layers 
in the coaxial structure in achieving high capacitance values. It was obviously seen in 
the results from Alg-PEDOT (+PEG) fibres. Significantly lower specific capacitance 
was calculated for Alg-PEDOT (+PEG) fibres compared to that of Chit-PEDOT 
(+PEG) fibres despite their higher ionic conductivities in wet-state. This could be 
attributed to the lack of any bonding between the alginate and the PEDOT:PSS. 
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6.3. Recommendations for Future Work 
A range of multifunctional multiaxial fibres have been developed for a wide range of 
purposes. The main aim of this thesis was to establish a wet-spinning process to 
develop three-dimensional coaxial and triaxial electroactive fibres which contain a 
conductive core enclosed in an appropriate biomaterial sheath which enhance cellular 
adhesion and proliferation properties. This goal was successfully achieved using 
several organic conductors and hydrogel biomaterials. However, like any other 
research, there are many promising areas still to be pursued in future studies which 
could not be overcome  in this one.  
 Battery discharge tests are required to be carried out to test and regulate the 
performance of the triaxial fibres as potential batteries. Time restrictions did not 
allow this to be completed as part of the current thesis. 
 Fabrication of triaxial fibres using a one-step wet-spinning method via a triaxial 
spinneret is also suggested. Using this approach will probably improve the 
attachment of the various battery layers as well as the thickness of the outer layer, 
resulted in better battery performance altogether. 
 It would also be beneficial to try other approaches for the production of triaxial 
fibres such as either a combined wet/electrospinning technique or utilising a 
twisting method to place the second conductor on the surface of coaxial fibres 
electrochemical deposition method were not possible to investigate due to the 
time limitations. Comparison of the properties that each of these methodologies 
produced would be very useful in the successful production of an optimal battery 
device. 
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 Also, it would be desirable to fabricate these functional fibres into devices with 
various spatial patterns using fabricating techniques such as weaving, knitting and 
braiding methods. These textile structures may then find use as templates for the 
regeneration of fibre-shaped functional tissues that mimic muscle fibres, blood 
vessels or nerve networks in-vivo. 
 
 
 
